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ABSTRACT 


This  analytical  and  experimental  study  explores  concepts  for  jet  noise 
shielding.  Model  experiments  centre  on  solid  planar  shields,  simulating 
engine-over-wing  installations  and  'sugar  scoop'  shields.  Tradeoff  on 
effective  shielding  length  is  set  by  interference  'edge  noise'  as  the 
shield  trailing  edge  approaches  the  spreading  jet.  Edge  noise  is 
minimized  by  (1)  hyperbolic  cutouts  which  trim  off  the  portions  of  most 
intense  interference  between  the  jet  flow  and  the  barrier  and  ( 1 i )  hybrid 
shields  -  a  thermal  refractive  extension  (a  flame);  for  ( i 1 )  the  tradeoff 
is  combustion  noise. 

In  general,  shielding  attenuation  increases  steadily  with  frequency, 
following  low  frequency  enhancement  by  edge  noise.  Although  broadband 
attenuation  is  typically  only  several  decibels,  the  reduction  of  the 
subjectively  weighted  perceived  noise  levels  is  higher.  In  addition, 
calculated  ground  contours  of  peak  PN  dB  (perceived  noise  level)  show  a 
substantial  contraction  due  to  shielding:  this  reaches  66%  for  one  of 
the  'sugar  scoop'  shields  for  the  90  PN  dB  contour. 

The  experiments  are  complemented  by  analytical  predictions.  They  are 
divided  into  an  engineering  scheme  for  jet  noise  shielding  and  more 
rigorous  analysis  for  point  source  shielding.  The  former  approach 
combines  point  source  shielding  with  a  suitable  Jet  source  distribution. 
The  results  are  synthesized  Into  a  predictive  algorithm  for  jet  noise 
shielding:  the  jet  is  modelled  as  a  line  distribution  of  incoherent 


sources  with  narrow  band  frequency  -  (axial  distance)  The  predictive 
version  agrees  well  with  experiment  (  1  to  1.5  dB  )  up  to  moderate 
frequencies.  The  insertion  loss  deduced  from  the  point  source  measure¬ 
ments  for  semi-infinite  as  well  as  finite  rectangular  shields  agrees 
rather  well  with  theoretical  calculations  based  on  the  exact  ha’f  plane 
solution  and  the  superposition  of  asymptotic  closed-form  solutions.  An 
approximate  theory,  the  Maggi-Rubinowicz  line  integral,  is  found  to 
yield  reasonable  predictions  for  thin  barriers  including  cutouts  if  a 
certain  correction  is  applied.  The  more  exact  integral  equation 
approach  (solved  numerically)  is  applied  to  a  more  demanding  geometry:  a 
half  round  sugar  scoop  shield.  It  is  found  that  the  solutions  of  the 
integral  equation  derived  from  the  Helmholtz  formula  in  normal 
derivative  form  show  satisfactory  agr  ement  with  measurements. 


1.  INTRODUCTION 

Ever  since  the  Wright  brothers  launched  the  age  of  aviation  in  1903, 
transportation  by  aircraft  has  had  a  major  influence  on  our  way  of  life. 
With  the  coming  of  the  jet  age  in  the  1950's,  noise  from  turbojet -powered 
commercial  aircraft  has  become  a  public  nuisance,  particularly  for 
people  living  in  communities  near  airports.  Typical  examples  of  commer¬ 
cial  turbojets  of  the  1960's  are  the  Boeing  707,  and  DC-8.  The  total 
acoustic  power  radiated  into  the  air  during  takeoff  is  typically  several 
thousand  watts.  In  comparison,  the  acoustic  power  produced  by  one 
person  speaking  is  about  10'*  watt,  and  only  the  latest  outdoor  multi¬ 
kilowatt  sound  systems  come  close  to  that  of  the  jet  engines. 

The  innovation  of  the  turbofan  engine  for  modern  commercial  jet  aircraft 
(Boeing  747,  DC-10,  Lockheed  L-10U)  has  alleviated  the  jet  noise 
problem  to  a  substantial  extent.  However,  the  noise  problem  has  intens¬ 
ified  as  aircraft  size  increases,  and  as  the  number  of  flyovers 
multiply  due  to  the  ever  increasing  volume  of  air  traffic.  Reactions 
from  neighbors  of  major  airports  have  shown  greater  awareness  of  air¬ 
craft  noise.  This  has  led  to  stringent  noise  regulations,  such  as  the 
FAR-36;  this  imposes  noise  limits  for  certification  of  aircraft.  Still, 
the  hostile  reactions  of  people  around  some  major  airports  has  clearly 
indicated  that  the  generated  noise  is  well  above  the  annoyance  level. 
Acceptability  of  aircraft  noise  in  a  community  thus  has  become  a  chal¬ 
lenging  problem  that  requires  disciplines  from  diverse  fields  such  as 
science  and  environmental  studies. 


The  thrust  of  a  jet  engine  scales  with  diameter  and  jet  velocity  about  as 
D  U  ,  whereas  the  noise  power  scales  (for  subsonic  U)  as  U®D^.  For 
constant  thrust,  then,  the  noise  scales  as  U*  (or  as  D"6^:  thus  jet 
velocity  is  a  very  powerful  parameter.  This  suggested  the  tradeoff  of 
reduced  jet  velocity  against  increased  engine  diameter  as  a  major  means 
of  noise  reduction.  The  modern  high  bypass  ratio  turbofan  engines  have 
exploited  this.  These  new  engines  with  low  exhaust  velocity  and  ever- 
increasing  diameter  have  resulted  in  the  development  of  modern  aircraft 
that  are  some  20  PN  dB  (perceived  noise  level)  quieter  than  the  earlier 
turbojet  aircraft. 

Noise  suppression  can  also  be  achieved  by  modifying  the  turbulent  mixing 
of  the  flow.  The  first  innovation  made  was  the  introduction  of  the 
multi-tube  or  corrugated  nozzles.  These  supposedly  achieve  noise  re¬ 
duction  by  allowing  maximum  entrainment  of  surrounding  air.  The  aero¬ 
dynamic  mechanism  is  complicated  and  somewhat  controversial.  These 
nozzles  were  used  in  early  years.  The  observed  noise  reduction  is 
typically  some  8-10  dB  in  the  overall  sound  level,  but  only  2-3  PN  dB  in 
perceived  noise  level  (which  is  a  better  measure  of  ear  response). 

Modern  aircraft  have  carried  these  jet  noise  suppression  concepts  to  the 
point  of  diminishing  returns.  An  alternative  to  suppression  at  the 
source  is  the  concept  of  reflective  shielding.  Here  the  radiation  of  the 
jet  noise  Is  redistributed  such  that  the  noise  Intensity  is  reduced  in 
the  'shadow'  zone.  For  example,  by  relocating  engines  above  the  wing, 
the  latter  can  be  used  to  deflect  a  significant  portion  of  the  jet  noise 
skyward,  so  that  what  reaches  the  ground  is  reduced.  Less 
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1.1  Present  Investigation 


practical,  perhaps,  underwing  engines  could  use  add-on  shields  to  partly 
block  downward  radiation.  The  shields  may  be  'hard*,  such  as  a  plate,  or 
'soft1,  such  as  a  reflective  thermal  layer.  These  and  combinations  that 
form  composite  shields  are  explored  herein. 

A  number  of  studies  of  jet  noise  shielding  have  been  undertaken  in  the 
past  (  Refs.  1,2  )  .  A  shielding-flap  jet  noise  suppressor  as  indicated 
in  Ref.  1  is  seen  to  provide  a  maximum  reduction  of  about  17  dB  on  the 
shielded  side  of  a  slit  jet  flowing  over  the  upper  surface  of  a  wing. 
However,  this  is  achieved  with  a  very  long  shield  length  equal  to  190 
times  the  slit  height.  This  causes  a  high  thrust  loss  owing  to  ‘wall 
jet1  drag  on  the  wing  which  makes  the  idea  unattractive.  Nevertheless, 
the  arrangement  bears  resemblance  to  the  external ly-bl own-flap  blowing 
concept  used  on  the  STOL  airplanes  of  the  future. 

The  recent  German-Dutch  VFW-614  airplane  features  an  EOW  (engine-over- 
wing)  design.  This  configuration  exhibits  a  noise  reduction  averaging  5 
PN  dB  over  a  wide  range  of  downward  directions  In  the  shadow  zone 
(Ref.  3  ).  This  is  an  effect  that  is  apparently  due  to  shielding. 

The  engine-over -wing  noise  research  has  also  been  carried  out  exten¬ 
sively  in  both  model  and  full  scale  tests  by  NASA  and  Boeing  for  both 
powered  and  conventional  lift  applications  (Refs.  4,  5,  6,  7).  For  some 
full  scale  powered  lift  configurations,  a  reduction  of  10  dB  In  overall 
sound  pressure  level  is  possible.  This  and  other  studies  have  shown  that 
tne  concept  Is  a  promising  one  for  reducing  Jet  noise.  Thus  further 
investigation  of  this  effect  Is  considered  desirable. 


The  present  study  is  in  part  an  experimental  study  of  further  concepts  of 
jet  shielding  by  reflective  barriers.  This  is  coupled  -  for  aspects 
accessible  to  theory  -  with  analytical  developments  and  comparisons.  In 
addition,  an  'engineering'  approach  is  developed  to  provide  reasonable 
estimates  of  the  expected  jet  noise  shielding. 

The  experimental  aspects  are  directed  at  conventional  as  well  as 
unorthodox  configurations.  The  emphasis  is  placed  on  the  concept, 
feasibility  being  of  secondary  importance  for  now.  The  model 
experiments  center  on  solid  planar  shields  (simulating  EOW  install¬ 
ations),  half  round  sugar  scoop  shields,  and  hybrid  configurations  com¬ 
bining  solid  barriers  and  hot  refractive  gas  layers.  This  hot  gas  layer 
can  play  much  the  same  role  as  a  solid  plate  barrier.  The  gradient  in 
sound  speed  of  the  heated  medium  along  the  underside  of  the  jet  can  cause 
the  sound  waves  to  bend  upward.  The  net  effect  is  largely  equivalent  to 
ref  lection. 

The  solid  planar  shield  consisting  of  a  simple  planar  baffle  acts  simply 
as  a  reflective  barrier.  The  half  round  scoop  shield  is  motivated  by  the 
expectation  of  better  shielding  to  the  side  than  that  with  flat  shields 
of  a  limited  span.  Moreover,  they  are  expected  to  provide  a  comparable 
degree  of  downward  shielding  for  a  minimum  expenditure  of  barrier 
material . 


One  of  the  problems  encountered  In  jet  noise  shielding  arises  on  extending 
the  barrier  length  In  an  attempt  to  shield  more  and  more  of  the  jet:  the 
trailing  edge  eventually  runs  Into  the  spreading  jet.  As  the  edge 
approaches  the  'conical'  jet  boundary,  an  interference  effect  generates 
intense  'edge  noise'.  This  produces  an  augmentation  of  the  levels  at  lor 
frequencies.  In  fact  there  can  be  an  Increase  In  overall  sound  pressure 
level  (OASPL) .  To  this  end,  an  Interference  probe  is  used  to  delineate 
the  boundary  of  closest  approach  to  the  Jet  for  negligible  edge  noise. 
In  addition,  an  attempt  is  also  made  to  quantify  the  extent  of  Influence 
of  the  edge-induced  Interference  noise  to  the  shielded  Jet  noise 
spectrum  in  terms  of  a  dB. 

The  adverse  Influence  of  the  edge  noise  is  reduced  if  'hyperbolic 
cutouts'  are  used.  A  hyperbolic  cutout  is  defined  by  the  intersection  of 
the  shield  and  the  cone  of  threshold  Interference  mentioned  above.  This 
allows  one  to  extend  the  effective  barrier  depth  without  encroaching  on 
the  boundary  of  closest  approach  for  acceptably  low  edge  noise.  The 
hyperbolic  cutout  is  also  supplemented  by  strategic  removal  of  much 
additional  material  elsewhere.  This  is  a  more  practical  implementation 
of  the  hyperbolic  cutout.  It  turns  out  that  this  configuration  attains 
similar  noise  suppression  even  if  most  of  the  material  is  removed. 

A  scaling  law  is  also  examined.  This  is  used  to  give  an  estimate  of  the 
shielding  performance  of  the  shielding  configurations  at  'operational' 
frequencies.  Its  validity  Is  examined  via  model  testing  of  two  different 
size  nozzles. 


The  perceived  noise  level  measured  in  PNdB  Is  a  subjective  measure  of 
hearing  response:  it  weights  the  spectral  bands  in  accordance  with  the 
annoyance  caused  oy  noise  in  each  frequency  band.  It  may  differ  much 
from  the  corresponding  change  in  sound  pressure  level,  measured  in  dB. 
Herein  an  indication  of  the  effect  of  the  shielding  devices  on  the 
annoyance  levels  is  calculated  in  terms  of  'footprints*  of  peak 
intensity  in  PN  dB,  for  an  assumed  airplane  takeoff. 

A  series  of  experiments  and  analyses  is  also  carried  out  to  illuminate 
the  mechanism  of  shielding  of  a  Jet  by  a  barrier.  The  Jet  noise  emitters 
are  modeled  as  a  distribution  of  point  sources  along  a  line  (jet  axis). 
The  shielding  of  a  single  point  source  is  determined  as  a  function  of 
position  and  frequency.  These  results  are  applied  to  synthesize  the  jet 
noise  shielding.  In  addition,  the  shielding  of  point  sources  also  allows 
one  to  assess  by  difference  the  jet-shield  aeroacoustic  interference. 
Measurements  utilizing  the  point  source  are  performed  on  all  major 
shielding  configurations.  These  are  carried  out  by  a  variety  of  methods, 
including  cross  spectral  meaurements  using  broad-band  source  excitation, 
signal -averaged  pulses,  direct  measurement  via  pure  tone  excitation, 
warbled  tone,  and  1/3  octave  filtered  noise. 

The  experiments  are  complemented  by  a  variety  of  analytical  methods. 
Their  suitability  to  problems  of  the  prediction  of  jet  noise  shielding  is 
also  examined  and  tested.  This  Includes  the  exact  half  plane  solution, 
Rublnowicz’s  line  integral  theory,  various  asjanptotic  and  approximate 
schemes,  and  the  more  exact  Integral  equation  methods  for  complex 
shapes. 
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2.  EXPERIMENTAL  INVESTIGATIONS 

2.1  Introduction 

Consider  a  stream  of  particles  Impinging  on  an  obstacle,  such  as  a  plate. 
Those  portions  Incident  on  the  plate  will  be  intercepted  or  reflected, 
and  the  remaining  portion  will  propagate  without  any  disturbance.  Hence 
one  would  expect  the  plate  to  cast  a  sharply  defined  shadow.  However, 
wave  motion  is  characterized  by  a  phenomenon  associated  with  the  bending 
of  the  wave  front  around  any  obstacle  known  as  'diffraction1.  The 
diffraction  effect  is  more  pronounced  when  a  wave  interacts  with  a  finite 
obstruction  which  has  dimensions  comparable  to  the  wavelength  of  the 
wave.  With  light,  the  wavelength  is  usually  very  small  compared  with  the 
dimensions  of  the  obstruction.  One  can  not  observe  diffraction  with  the 
naked  eye  In  ordinary  situations,  since  the  effect  Is  observable  only  in 
regions  comparable  with  a  wavelength  { 10”7  m).  In  this  case,  there 
exists  a  sharply  defined  shadow  behind  the  obstacle. 

On  the  other  hand,  the  wavelengths  for  audible  sound  waves  are  In  general 
of  the  same  order  of  magnitude  as  the  dimension  of  common  obstacles  {l.e. 
approximately  2  cm  at  15  kHz  at  the  high  frequency  end  to  7  m  at  50  Hz  at 
the  low  frequency  end).  Thus  diffraction  impairs  the  sound  shadow  In 
virtually  all  situations  dealing  with  interaction  between  sound  waves 
and  shielding  surfaces.  Quantitatively,  the  effectiveness  of  a  shield 
is  a  function  of  the  ratio  of  the  wavelength  of  the  Incident  sound  waves 


and  the  typical  dimensions.  The  performance  of  a  shielding  configur¬ 
ation  also  depends  on  the  relative  positions  of  the  shield,  the  source, 
and  the  observer. 

Fig.  (  2-1  )  shows  a  typical  configuration.  As  a  first  approximation  a 
barrier  casts  a  'sharp'  shadow,  which  1$  'filled  In'  to  same  extent,  by 
diffracted  waves.  Thus,  for  a  given  effective  barrier  height  *h‘,  the 
attenuation  becomes  'more  perfect1  as  the  shadow  angle  *r'  Increases. 
This  is  equivalent  to  placing  the  observer  closer  to  the  barrier.  A 
similar  effect  is  also  observed  In  reverse  If  the  source  appoaches  the 
barrier  while  the  observer  remains  at  a  fixed  distance  from  It.  In  this 
sense,  the  relative  position  of  the  sound  source  and  the  observer  can  be 
Interchanged  rtlle  maintaining  identical  sound  reduction.  From 
geometrical  considerations,  the  situation  Illustrated  In  Fig.  (  2-2  ) 
for  elevated  and  depressed  source  and  observer  positions  are  identical 
In  character  as  far  as  the  diffraction  effect  of  sound  waves  Is 
concerned. 

A  similitude  parameter  for  barriers,  as  defined  In  accordance  with  the 
usage  in  the  literature,  is  the  Fresnel  number 

H  •  Path  Difference  /  (  *  /2  )  (2-1) 

•  2  * fx 


Here,  the  variable  a  is  the  difference  In  length  between  the  shortest 
path  diffracted  over  the  edge  and  the  straight  line  path  from  the  source 
to  the  observer  (  Fig.  2-3  ). 

Insertion  loss  is  a  measure  of  the  local  attenuation  of  sound  waves  due 
to  a  barrier.  It  is  usually  defined  as  the  difference  in  the  sound 
pressure  level  as  measured  by  a  precision  sound  level  meter,  in  decibels, 
at  a  particular  point  in  space  with  and  without  the  insertion  of  the 
barrier.  In  principle,  the  measurement  of  insertion  loss,  or 
attenuation  is  not  difficult,  especially  in  the  laboratory.  Since  the 
effective--  of  a  shield  is  governed  by  the  ratio  of  wavelength  to 
dimension,  it  is  helpful  to  measure  power  spectral  densities  of  the 
received  signals.  This  allows  one  to  assess  the  shielding  of  narrow 
frequency  bands.  Before  the  experimental  results  are  presented,  an 
overview  of  the  facilities  and  instrumentation  is  given. 


2.2  Experimental  Facilities 

2.2.1  Anechoic  Rooms 

All  measurements  were  performed  in  two  of  the  anechoic  rooms  at  the 
University  of  Toronto,  Institute  for  Aerospace  Studies.  The  initial 
phase  of  the  investigation  was  conducted  in  the  acoustic  wind  tunnel 
facility.  It  has  a  test  section  surrounded  by  an  anechoic  chamber.  The 
tunnel  is  capable  of  air  speeds  of  12  to  92  m/s.  This  facility  thus 
allows  simulation  of  forward  flight  effects,  although  such  effects  were 
not  studied  here.  The  anechoic  room  has  dimensions  4.1  x  5.9  x  2.1  m3 
between  the  tips  of  the  fibreglass  absorptive  wedges.  Acoustically,  the 
anechoic  chamber  around  the  test  section  has  a  cutoff  frequency  of  150  Hz 
(defined  by  deviation  from  inverse  square  law  for  far  field  acoustic 
intensity).  The  background  noise  level  is  less  than  25  dBA. 

A  second  anechoic  room  became  available  in  the  later  stages  of  the 
investigation.  More  than  two-thirds  of  the  relevant  measurements  were 
carried  out  there.  This  anechoic  room  is  slightly  smaller  than  the  one 
in  the  acoustic  wind  tunnel  facility.  It  has  dimensions  4.2  x  2.9  x 

2.1  *3  and  a  wedge  depth  of  20  cm.  The  walls  have  3.2  ■«  thick  lead  sheet 
to  insulate  the  chamber  against  exterior  noise  from  the  outside.  The 
cutoff  frequency  of  this  room  is  approximately  300  Hz.  and  the  background 
noise  is  also  acceptably  low  (  28  dBA  ). 


e 
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2.2.2 


Model  Air  Jet 


2.2.3  Microphone  System 


The  two  model  dir  jets  used  In  the  experlement  are  of  Identical  design. 
The  nozzles  have  circular  exit  diameters  of  1.91  cm  (  3/4  In.  )  and  an 
area  ratio  of  UO.  They  can  be  operated  ever  a  range  of  flow  speeds  from 
10  m/sec  to  300  m/sec.  The  nozzle  contour  has  been  designed  to  produce  a 
uniform  velocity  profile  at  the  orifice  (  Ref.  8  ).  Aim  section  of 
.2  m  circular  steel  pipe  is  used  as  a  settling  chamber. 

A  silencer  in  the  control  room  Is  connected  to  the  model  air  Jet  via  a 
flexible  air  hose.  A  continuously  operating  compressor  supplies  4.8  x 
105  to  6.9  x  105  N/m2  (70  to  100  psl)  air  to  the  system.  It  is  regulated 
down  by  a  two  stage  regulator  to  provide  any  desirable  flow  velocity;  the 
second  of  these  Is  a  Fisher  Governor  Type  99  precision  pressure 
regulator.  Any  water  in  the  air  supply  is  collected  In  a  filter  prior  to 
reaching  the  regulators.  The  static  pressure  in  the  settling  chamber  is 
monitored  by  a  mercury  manometer.  The  jet,  settling  chamber,  and  other 
equipment  were  wrapped  In  fibreglass  to  reduce  reflections.  Additional 
details  may  be  found  in  Refs.  (  8,  9  ). 


The  sound  pressure  measurements  were  made  with  either  a  Sruel  and  Kjaer 
(8  4  K)  Type  4135  V  (0.635  cm)  or  a  Type  4133  V  (1.27cm)  condenser 
microphone  cartridge  coupled  to  a  6  &  K  preamplifier.  This  is  connected 
to  a  8  4  K  microphone  power  supply  Type  2801  that  provides  the  necessary 
polarizing  voltage.  The  frequency  response  of  the  microphone  Is  essen¬ 
tially  flat  between  20  Hz  and  40  kHz  and  100  kHz  for  S"  (1.27  cm)  and  V 
(0.635  cm)  diameters  respectively.  A  Keithley  model  102  B  decade 
amplifier  with  amplification  factors  of  20  ,  40  and  60  dB  was  used  to 
a«g>11fy  the  low  level  microphone  signal.  Further  signal  conditioning 
was  provided  by  an  Ithaco  variable  electronic  filter  with  a  broadband 
frequency  range  from  0.01  Hz  to  1  MHz.  A  block  diagram  of  the 
instrumentation  for  the  shielding  measurements  is  shown  in  Fig.  (  2-4  ). 

A  microphone  boom  supports  the  microphone  In  the  horizontal  plane  of  the 
jet  at  a  distance  of  1.63  m  from  the  Jet  orifice.  The  boom  allows 
rotation  about  an  axis  aligned  with  the  Jet  centre  line  and  the  nozzle 
exit  plane.  Insertion  loss  measurements  are  performed  with  the  shield 
interposed  between  the  Jet  and  the  microphone.  They  are  held  in  place  by 
a  specially  constructed  mounting.  The  arrangement  allows  the  investi¬ 
gation  of  the  shielding  effectiveness  In  the  sideline  plane  as  well  as 
the  flyover  plane  and  in-between  (  Fig.  2-5  ). 


2.2.4 


Signal  Processing  Instrumentation 


2.3 


Planar  Shield  Configurations 


In  a  laboratory,  determination  of  shielding  effects  of  a  barrier  for 
noise  reduction  involves  measurement  of  overall  sound  pressure  level  or 
power  spectral  density,  depending  on  the  specific  application.  The 
analysis  might  be  accomplished  with  either  analog  or  digital  equipment, 
or  a  combination  of  both.  A  Bruel  and  Kjaer  Heterodyne  Analyzer  and  a 
Spectral  Dynaulcs  Digital  Signal  Processor  (DSP  360)  were  utilized 
throughout  the  Investigation.  Both  types  of  analyzer  cover  the  fre¬ 
quency  range  from  near  DC  to  an  upper  limit  of  150  kHz,  which  is  well 
above  the  frequency  range  of  interest. 

The  B  «•  K  Heterodyne  Analyzer  Type  2010  is  a  constant  bandwidth  narrow- 
band  frequency  analyzer.  It  utilizes  the  swept  analysis  technique.  This 
Instrument  was  used  In  conjunction  with  a  B  !•  K  level  Recorder  Type  2307, 
which  provides  hard  copies  of  frequency  spectra  on  frequency  calibrated 
strip-chart  paper. 

The  Spectral  Dynamics  DSP  360  Is  a  two  channel  real  time  analyzer  incor¬ 
porating  a  small  dedicated  computer.  It  has  a  fast  Fourier  transform 
capability,  and  can  perform  spectral  analysis,  cross-correlation,  and 
other  signal  processing  operations.  This  flexibility  made  possible 
alternative  methods  of  insertion  loss  measurement,  some  of  which  will  be 
discussed  later  on  In  the  appropriate  sections. 


2.3.1  Introduction 

An  uninterrupted  barrier  placed  between  the  noise  source  and  the 
observer  will  provide  noise  reduction  in  the  geometric  shadow.  With  this 
in  mind,  imagine  a  jet  exhaust,  the  principle  source  of  aircraft  noise, 
placed  above  some  structure  such  as  a  wing  or  some  shielding  configu¬ 
ration.  It  follows  that  an  observer  on  the  ground  will  be  partially 
shielded  from  the  noise  sources.  Jet  noise  shielding  by  these  means  is 
similar  to  the  methods  used  for  environmental  noise  control  on  the 
ground.  Here,  the  erection  of  a  solid  barrier  blocks  any  direct  trans¬ 
mission  between  the  noise  source  and  recipient.  The  principal  differ¬ 
ences  in  the  present  investigation  are  the  nature  of  the  noise  sources 
(i.e.  convected  field  of  random  quadrupoles)  and  the  relative  dis¬ 
position  of  sources,  shield,  and  observer. 

Under  conditions  of  close  proximity  of  the  turbulent  jet  flow  to  the 
shielding  surface,  the  edge  will  interact  with  the  dynamics  of  the  un¬ 
steady  fluid  flow;  this  will  give  rise  to  'edge  noise*.  Edge  noise 
(Ref.  10  )  Is  the  additional  noise  produced  by  an  interference  effect 
when  the  separation  between  the  jet  boundary  and  the  shield  edge  is 
reduced  below  a  certain  minimum.  This  and  other  factors  peculiar  to  jets 
increase  the  complexity  of  the  analysis  as  compared  with  that  for  a 
mathematical  point  noise  source  at  a  finite  distance  from  a  screen. 


2.3.2. 


Mechanism  of  Edge  Noise 


The  mechanism  of  surface  effects  In  flow  noise  has  been  discussed 
extensively  in  the  literature  (See,  e.g.,  Ffowcs  Williams,  Ref.  10 
and  Crighton,  Ref.  11  ).  An  overview  is  given  below,  together  with 

further  references. 


It  is  shown  In  Ref.  11  that  if  a  source  is  placed  closer  than  a 

wavelength  to  the  edge  of  the  plate,  the  scattered  field  can  be  found 
from  incompressible  flow  arguments  (  Ref.  12  )  {  i.e.  solving 

the  Laplace  equation  that  results  on  assuming  the  Laplacian  operator 
+  t  )  »  fa  in  the  original  Helmholtz  equation, 

subject  to  the  rigid  surface  boundary  condition  on  the  plate). 


With  the  source  at  distance  y  normal  to  the  axis  (Fig.  2-8  )  In  the 
close  vicinity  of  a  half  plane,  for  a  monopole  of  radian  frequency  e>-  kc, 
the  field  potential  at  a  field  point  x  takes  the  form  (Ref.  n  ,  Eq. 
7.1$,  P.  62). 


=  e 


,lkx 


where  V'  is  the  complement  of  the  angle  between  x  and  the  3  axis. 


In  the  absence  of  the  half  plane,  the  direct  ( incident )  field  at  the  observer 
takes  the  form 

efrm  =  e^/r-~7/  ^  e -k< 

/*-//  ~  c 

.here  k-kcos^  (  component  of  the  «av.  vector  norma)  to  the  plate  edge) 


Using  the  above  expression  for  the  scattered  monopole  field,  the  fields 
due  to  quadruples  can  be  found  by  suitable  differentiation  with  respect 
to  source  position  (Ref.  13  ).  Fc  a  quadrupole  with  both  axes 
normal  to  the  plate  near  the  edge*  (YY  quadrupole),  the  scattered  field 
is  given  as 


a: 


(  2-3) 


Similarly,  the  scattered  field  for  quadrupoles  with  one  axis  in  a 
plane  normal  to  the  plate  edge  and  the  other  parallel  to  tne  edge 
(YY3  quadrupole)  is 


While  for  quadrupoles  with  both  axis  parallel  to  the  plate  edge 
(*3V3  quadrupole) 


(  2-S  ) 


Since  the  direct  field  potential  of  a  quadrupole  Is 

0;  ^  (2-6 

.»<f  fro.  Eq.  (2-2)  ~  (kjf.  f 

•  Hereinafter  the  short  phrase  'plate  edge'  will  be  used  to  signify 
the  plane  of  the  plate  near  the  edge. 


it  follows  that  the  ratio  of  diffracted  sound  to  direct  sound  (no 
shield)  for  the  differently  oriented  quadruples  near  an  edge  is: 

(I)  For  the  YY  quadruple 

~(ks )'* 

<Prl 

<Pj 

(II )  For  the  YYj  quadrupole 

^t.^L  ~  ikii)'1 

<p:  0,  * 

,r.  .  hi  -tkff'Ht? 

<Pf 

(III)  For  the  YjYj  quadrupole 

<f>"t  Pf 

1  .  ,  -/a  C**> 

<rs  =  Z/L  ~  (kjf) 

Si pe  y  Is  assimed  to  be  less  than  a  wavelength  from  the  edge,  there  is 
no  enhancement  of  the  sound  from  the  Y^Y^  quadruple,  and  the  radiated 
sound  field  of  the  YY3  quadruple  Is  weaker  than  that  for  the  YV  quadru¬ 
ple:  the  dominant  contribution  will  come  from  the  latter.  The  wpllfl- 
catlon  factor*  i$  equal  to  (ky)*3/2.  this  result  was  first  obtained  by 
Ffowcs  HI  Himes  and  Hall  (Ref.  10  ). 


*  The  factor  may  be  less  than  unity. 


From  a  dimensional  argument,  one  can  show  that  the  power  output  from  unit 
volime  of  jet  is  proprtional  to  (M^  is  characteristic  of 

quadrupoles.  Ref.  14  ).  Due  to  the  presence  of  an  edge  near  the  flow, 

the  scattered  field  of  a  free  quadruple  is  amplified  by  the  factor 
(ky)~^.  Since  the  wavelength  of  the  emitted  sound  wave  scales  as 

X  =  c/f  -  C/(U//)  *  i  H*1  (2-10) 

■here  JL  Is  the  length  sc.le  of  a  typical  eddy,  the  above  similarity 
gives 

<r'~  (ky)'3-v(y/A)'3  ■  (NjHyr3  (2-11) 

for  the  ratio  of  diffracted  power/unshi elded  power  for  a  quadruple.  The 
corresponding  sound  power  radiated  from  a  jet  near  an  edge  will  scale  as 

U3M5M"3(  -f/y)3  •  mV(  £/y)3  (  2-12  ) 

Therefore,  the  power  output  from  unit  volume  near  the  edge  is  amplified 
by  a  factor  of 

A  ~  M"3(  -T/y)3  (  2-13  ) 

This  Indicates  that  for  subsonic,  unheated  jets  there  is  a  larger 
increase  in  the  edge  noise  generated  as  the  ttach  number  of  the  jet 
decreases. 
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2.3.3 


Noise_CharacteruMcs_of^Jet_FJow^SMetd^«rf4Ce_Jnter«ctjon 

Effect 


An  liter-native  formulation  of  interaction  noise  is  based  on  the 
behaviour  of  a  pressure  field  convicting  past  an  edge.  The  edge  may  be 
regarded  as  a  pressure  release  region  where  the  impedance  presented  to 
the  turbulent  pressure  field  abruptly  changes  from  almost  Infinite  (per¬ 
fectly  reflecting)  to  that  of  the  characteristic  value  of  themediua  (pc). 
As  the  unsteady  pressure  field  convects  over  the  plate,  the  associated 
acoustic  signals  will  tend  to  cancel,  as  the  net  force  on  the  plate  is 
nearly  zero.  However,  near  the  edge  the  cancellation  is  imperfect,  and 
regions  of  high/low  pressure  will  tend  to  accelerate  the  fluid  around  the 
edge.  These  unsteady  forces  give  rise  to  an  acoustic  field  similar  to 
that  due  to  a  distribution  of  dipoles  (Ref.  Id  ). 

Exploratory  measurements  during  this  investigation  have  shown  that  the 
edge-induced  extra  noise  Increases  as  the  shield  is  moved  closer  to  the 
jet,  more  nearly  simulating  the  hypothesized  situation.  Some  of  the 
fundanental  aspects  and  empirical  prediction  techniques  for  flow  past 
an  edge  have  been  discussed  in  some  details  by  Hayden  (Ref.  15  )  and 
Grosche  (Ref.  2  )  for  slot  nozzles. 


The  presence  of  Interaction  noise  due  to  shielding  wakes  it  necessary  to 
identify  various  mechanisms  which  Influence  the  acoustic  shielding  char¬ 
acteristics.  Therefore,  extensive  experimental  studies  have  been  per¬ 
formed  to  obtain  quantitative  information  about  the  additional  sound 
field  generated  along  the  edge.  Far  field  measurements  of  a  shielded  jet 
show  that  these  additional  sources  of  noise  tend  to  enhance  the  spectral 
components  below  the  peak  frequency  of  the  jet  (Fig.  2-7  ).  This  result 
is  to  be  expected,  since  the  edge  of  the  shield  is  downstream  of  the  Jet 
nozzle.  Here  the  turbulent  eddies  exhibit  lower  characteristic  frequen¬ 
cies  than  in  the  source  region  close  to  the  nozzle.  Thus  low  frequency 
noise  is  observed.  The  peak  Intensity  of  the  edge  noise  is  found  to  have 
a  U5  scaling  law  (Fig.  2.8)  for  the  velocity  dependence,  (see  also  Eq.  2 
-  12).  This  result  is  based  upon  experimental  finding,  it  is 
also  consistent  with  prediction  from  theory  of  trailing  edge  noise  (  Ref. 
16  }. 

Spectra  of  the  near  field  pressure  measured  by  a  microphone  placed  near 
the  edge  of  the  shield  show  a  one  to  one  correspondence  between  the  near 
field  peak  frequency  and  the  frequency  of  maximum  augmentation  of  the  far 
field  spectra  (  Fig.  2-9a  ).  The  au^nentatlon  peak  frequency  is  also  a 
function  of  microphone  position (  Fig.  2-9b  ).  This  suggests  that  the 
phenomenon  of  edge  interaction  noise  Is  a  local  one;  In  other  words. 
Interaction  between  the  local  near  field  acoustic  pressure  and  the 
shield  surface.  This  leads  support  to  the  not  uncommon  notion  that  'edge 
noise'  is  generated  by  stationary  dipoles  at  the  shield  trailing  edge. 


2.3.4 


Definition  of  the  Cone  of  Threshold  Interference 


V*  wanted  to  identify  the  boundary  of  closest  approach  for  negligible 
edge  noise  without  sacrificing  appreciable  shielding.  To  this  end  an 
Interference  probe  was  used  (Fig.  ?-IOo  ),  with  dimensions  as  shown  in 
the  figure.  The  small  width  and  thickness  of  the  probe  were  chosen  to 
minimize  both  Its  own  shielding  effect  and  the  generation  of  strong 
aeolian  tones. 

The  far  field  spectrum  of  the  jet  noise  was  monitored  at  0  ■  90°  as  the 
probe  was  moved  In  radially.  The  point  of  closest  approach,  or  the 
threshold  of  Interference,  Is  arbitrarily  defined  herein  to  be  the 
distance  from  the  jet  centre  line  at  which  the  peak  of  the  spectrum  shows 
a  (barely  perceptible)  rise  of  1  dB.  The  results  suggest  that  this  limit 
Is  essentially  a  truncated  cone  (Fig.  2-10 b  ). 

There  Is  uncertainty  In  the  above  measurement  of  the  boundary  of  closest 
approach.  The  recent  results  of  Fisher  fc  Head  (  Ref.  18  ),  as  well 
as  our  own  experience  Indicate,  that  the  above  boundary  may  be 
optimistic:  too  close  to  the  jet.  Fluid  mechanical  effects  for  a  shield 
much  larger  than  our  probe  may  lead  to  generation  of  edge  noise  well 
before  the  above  boundary  is  reached.  For  instance,  some  of  the  flow 
entrained  by  the  jet  would  be  Incident  on  the  shield.  In  addition  the 
jet  will  tend  to  be  drawn  towards  the  shield  due  to  higher  entrained  flow 
velocity  in  the  confined  region  between  the  shield  and  the  jet.  This  has 
the  effect  of  Increasing  the  wetted  width  along  the  shield  edge. 


Fig.  2-iob  shows  the  measured  threshold  of  interference  cone  (solid  line) 
in  relation  to  the  jet.  The  jet  boundary  is  imprecise:  we  show  the  «  * 
10°;  15°,  20°  'boundaries'.  The  truncated  interference  cone  cuts  across 
these:  it  has  a  virtual  origin  much  further  upstremn  of  the  nozzle. 


2.3.5 


Sqmi-tnlnlte  Planar  Shields 


The  sfniplest  geometric  configurations  tested  were  rectangular  shields. 
This  concept  Is  based  on  reflective  shielding.  It  involves  essentially 
redirecting  a  portion  of  the  radiated  acoustic  energy  in  a  particular 
direction.  In  this  way,  the  shield  can  simulate  the  engine-over-wing 
conf iguratlons.  Furthermore,  It  has  the  attraction  of  appearing  amen¬ 
able  to  theoretical  prediction  of  the  shielding  attenuation.  Fro*  the 
experimental  point  of  view,  the  shields  can  be  easily  constructed.  This 
simple  shielding  geometry  also  allows  precision  measurements  to  be 
carried  out  easily.  Zn  addition,  large  extensions  can  be  added  to  the 
shield  so  that  it  approximates  a  semi-infinite  barrier  In  the  anecholc 
room.  This  is  useful  for  deriving  base-line  data  for  diffraction 
problems. 

The  relative  position  of  the  jet  exhaust  and  the  shield  is  Important  since 
it  determines  the  extent  of  the  shadow  zone,  as  well  as  the  intensity  of 
the  noise  generated  by  the  jet  flow/shield  surface  Interaction,  In  order 
to  achieve  significant  shielding,  the  barrier  must  be  long  and  close  to 
the  jet  boundary  so  as  to  Increase  the  angle  of  diffraction  ’  T  ’ 
(Fig.  2-1  ).  It  is  argued  that  a  planar  barrier  is  most  effective  as  a 
jet  noise  suppressor  at  high  frequencies.  This  Is  plausible,  for  higher 
frequency  radiation  comes  from  the  region  close  to  the  nozzle  exit. 
Furthermore,  diffraction  into  a  shadow  zone  decreases  with  Increasing 
frequency,  for  fixed  geometry. 


If  a  barrier  IS  moved  or  lengthened  so  that  it  penetrates  the  cone  of 
interference,  then  edge  noise  »t I)  increase  the  overall  noise  radiated 
significantly  at  the  larger  angles.  This  induced  low  frequency  noise 
has,  in  effect,  increased  the  overall  noise  level  radiated  above  that  of 
an  unshielded  jet  at  large  angles  («  >50°)  mlth  respect  to  the  jet  axis 
(Fig.  ?  -  11a).  The  direction  of  the  maximum  intensity  being  normal  to 
the  plane  of  the  barrier,  thus  the  shielding  effectiveness  suffers  most 
in  the  deep  shadow  zone,  Moreover,  a  planar  semi-infinite  shield 
extending  just  to  the  cone  of  interference  shows  virtually  no 
attenuation  in  the  vertical  plane,  (fig.  2  -  lib). 


According  to  some  of  the  measurements  on  source  strength  distribution  of 
jets  (  Ref.  19  ),  it  seems  that  any  shielding  device  should  extend  15  to 
."*0  jet  diameters  downstream  of  the  nozzle  in  order  to  shield  tne  bulk  of 
the  noise  sources.  However,  if  the  shield  length  Is  extended  in  the 
downstream  direction,  then  it  el  11  ultimately  intercept  the  cone  of 
threshold  Interference.  This  will  cause  significant  edge  naise,  which 
could  be  avoided  by  setting  the  nozzle  high  enough  above  the  shield.  This 
solution  is  not  attractive  on  practical  grounds  due  to  aerodynamic  and 
structural  requirements.  Alternat i vel y,  a  hyperbolic  cutout  defined  by 
the  intersection  of  the  extended  *’at  plate  shield  and  the  cone  of 
threshold  interference  should  afford  further  noise  reduction,  at  least 
in  oblique  planes,  without  a  significant  increase  of  the  edge  noise.  The 
cutout  section  is  that  which  would  be  within  the  zone  of  aeroaeoustic 
interference  with  the  jet. 


A  series  of  cutout  configurations  were  examined  wth  the  nozzle  placed 
above  at  different  heights  'h*.  The  half  angle  of  '  «  '  ,  the  c-ne 
closest  approach,  was  varied  from  5  to  20  degrees  in  5  degree  intervals. 


It  is  clear  that  some  of  those  configurations  will  give  rise  to  edge 
noise,  particularly  if  the  shield-jet  separation  and  the  cutout  ^one  half 

o  1  ->o 

angle  are  small,  for  the  particular  conf  igurati  jn,  h/I)  «  1.5,  «  5  .  “  « 


the  jet  noise  shielding  obtained  at  high  frequencies  Is,  es  expected, 
accompanied  by  a  low  frequency  noise  eu^eentetion  over  that  of  the  un¬ 
shielded  spectrum  (fig.  2-12  ).  On  the  other  hand,  if  a  cone  of  15°  is 
used  a  considerable  reduction  in  the  edge  noise  is  achieved  at  the 
expense  of  a  reduction  in  shielding  effectiveness  at  high  frequencies. 
The  vertex  of  the  hyperbolic  cutout  section  for  h  «  1.5  D  and  a  cone  half 
angle  of  15°  is  at  about  12  0  upstream  from  the  trailing  edge  of  the 
shield  (fig.  2-10b  ).  From  the  geometry,  one  can  see  that  a  large 
portion  of  the  jet  sources  is  not  shielded  from  the  observer.  It  thus 
appears  that  for  a  nozzle  height  of  1.5  0  above  the  shield,  there  is  no 
suitable  'hyperbolic  cutout'  which  can  provide  adequate  shielding  with 
reduced  jet-surface  interaction  noise. 

However,  considerable  improvement  was  found  by  increasing  the  nozzle 
height  'h'  to  3  D  where,  by  suitable  choice  of  a  ,  the  maximum  level  of 
the  low  frequency  auynentation  is  less  than  the  unshielded  peak  spectrum 
level  at  most  observer  angles.  Fig.  (  2-13  )  shows  the  shielding  char¬ 
acteristics  for  various  cutout  configurations  at  h  -  3  D.  It  can  be  seen 
that  a  cutout  section  corresponding  to  a  *  10°  is  slightly  more 
effective  (inconsistent  with  the  barrier  theory)  in  the  1.5  to  10  kHz 
range  than  the  corresponding  straight-edged  Shield  with  no  cutout.  This 
behaviour  appears  to  be  associated  with  the  edge  interaction  noise. 
Generally  speaking,  although  the  extra  edge  noise  generated  has  a 
dominant  low  frequency  noise  spectrum,  nevertheless,  the  noise  increese 
is  sufficiently  broadband  to  exert  influence  on  the  levels  In  the  mid  end 
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high  frequencies,  but  to  a  lesser  extent.  This  :an  reduce  the  jet  noise 
shielding  benefit  at  the  high  frequenc ies.  In  this  sense  the  shielding 
configurations  should  be  sought  for  best  mutual  accommodation  between 
♦wo  conflicting  requirements:  aerodynamic  (ventilation)  and  acoust’.' 
shielding  (blockage).  For  this  particular  configuration  (i.e.  of.  *  13”  ), 
the  shield  with  a  cutout  section  reduces  the  interference  effect,  so 
that  this  smaller  shield  is  actually  more  effective.  This  net  benefi¬ 
cial  effect  is  less  evident  when  the  cutout  area  is  large  (  *  T  15°.?0°), 
due  to  reduced  shielding  effect. 

The  low  frequency  levels  in  the  200  to  500  Hz  range  decrease  rapidly  when 
the  apex  of  the  hyperbolic  cutout  is  moved  in  the  upstream  direction 
(I.e.  as  X  increases).  This  Indicates  that  the  augmentation  in  this 
portion  of  the  spectrum  is  strongly  associated  with  the  trailing  edge 
interaction,  and  hence  depends  on  the  shield  proximity  to  the  jet.  In 
the  ’transition  region’  there  is  a  balance  between  shielding  and  edge 
noise.  This  occurs  within  the  1  to  2  kHz  range  for  the  cases  examined. 
The  frequency  of  the  cross-over  point  where  shielding  becomes  dominant 
increases  with  decreasing  jet/shield  separation  (fig.  2  -  13  ).  This 
is  due  to  increased  interference  effects  as  the  shield  <s  moved  close**  tb 
the  jet. 

Strictly  speaking,  one  cannot  estimate  the  shielding  effectiveness  of  a 
cutout  conf Iguration  on  a  Fresnel  number  basis  since  a  portion  of  the 
shield  edge  consists  of  a  hyperbola.  As  a  first  appro* iawtnn,  one  would 
expect  the  frequency  of  the  cross-over  30i**t  where  shielding  occurs  to 


decrease  as  the  cutout  cone  half  angle  is  decreased  or  vice  versa. 
At  large  observation  angles  (£—90°),  the  cross-over  frequency  appears 
to  be  invariant  with  X  (that  is,  with  cutout  size);  this  indicates  that 
the  noise  from  jet/surface  interaction  is  well  above  the  shielded  nozzle 
.pectral  levels  in  this  ’transition  region’. 

It  can  be  seen  that  a  cutout  section  corresponding  to  *■  •  15°  and 
h  *  3  D  is  a  good  compromise  between  the  favorable  shielding  and  adverse 
interference  effects  (Fig.  2-13b  ).  Here  the  maximum  level  of  the  low 
frequency  augmentation  is  less  than  or  comparable  to  the  unshielded  peak 
spectrjm  level  at  most  observation  angles  9  .  Fig.  2-U  shows  that 
the  16  0  plate  with  hyperbolic  cutout  provides  more  attenuation  on  an 
overall  sound  level  basis  than  a  comparable  rectangular  shield  with 
identical  shield  length  at  the  vertex  of  the  cutout  (9  D). 

It  may  be  argued  that  It  would  be  more  meaningful  to  compare  the 
shielding  of  the  same  160  plate  with  and  without  the  cutout.  For  the 
latter  configuration  the  edge  noise  generated  by  interference  is  seen  to 
severely  limit  the  effective  shielding  that  can  be  obtained  beyond  9  « 
50°  (Pig.  Z-14  ). 


2.3.7  Localized  Extensions 

Although  the  sources  of  noise  In  a  jet  are  distributed  over  a  considerable 
length  downstrew*  from  the  nozzle,  the  cross  sectional  spread  is 
rather  limited  in  extent.  It  can  be  argued  that  the  shielding  effectiveness 
of  a  barrier  is  governed  by  the  barrier  performance  nearest  the  source 
region  (Ref.  90  ).  Thus  a  more  practical  Implementation  of  the 

hyperbolic  cutout  would  be  a  localized  extension  (  Fig.  2-16  ).  Such  a 
scheme  can  also  include  the  possibility  of  a  retractable  design.  This 
configuration  Is  seen  to  provide  virtually  identical  noise  suppression 
with  a  small  shield  area  compared  with  the  non-locallzed  design 
(Fig.  2-16). 


There  is  no  doubt  that  direct  overflights  generate  the  most  intense  noise 
levels.  Nevertheless,  sideline  noise  levels  are  quite  high  as  well.  In 
fact,  it  is  standard  practice  to  measure  the  maximum  sideline  noise  level 
at  low  grazing  incidence  at  a  fixed  distance  to  the  side  of  the  runway 
during  aircraft  takeoff.  The  ability  of  an  aircraft  to  meet  the  noise 
standard  in  Federal  Air  Regulation  FAR  36  sideline  requirement 
(Fig.  2-16  )  is  an  important  consideration  in  noise  shielding. 


The  planar  configurations  provide  variable  noise  reduction  at  points 
below  the  shield.  A  more  efficient  sideline  noise  suppression  is  desir¬ 
able.  Consider  a  planar  wing  shield  with  side  fence  in  the  chordwise 
direction,  it  should  provide  some  reduction  of  sideline  noise.  In  order 
to  provide  sufficient  shielding,  the  side  fence  should  be  as  least  as 
high  as  the  jet  center  line.  A  structure  with  such  a  large  area  attached 
to  the  wing  undoubtedly  imposes  aerodynamic  and  structure  problems.  An 
alternative  is  to  use  a  half  cyl  inder  whose  axis  is  is  col  1  inear  with  the  jet 
axis,  extending  downstream  from  near  the  nozzle.  Such  shields  are 
referred  to  herein  as  'sugar  scoop'  shields.  The  scoop  shields 
approximately  the  bottom  half  of  the  sources,  when  viewed  at  side  line 
elevations  (i.e.  small  w).  Thus  these  shields  can  offer  better  shielding 
to  the  sides  than  flat  shields  of  limited  span.  For  underwing  engines, 
the  half  round  scoop  shields  can  be  used  to  block  downward  as  well  as 
sideline  radiation. 


The  effectiveness  of  a  series  of  half  round  'sugar  scoop'  shields  of 
diameters  5  0,  10  D,  15  D  have  been  studied.  The  shields  were  made  from 
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galvanized  steel  sheets  of  0.43  mm  thickness  rolled  into  a  cylindrical 
shape.  Variable  shield  length  can  be  obtained  by  sliding  a  concentric 
piece  which  extends  the  trailing  edge  (Fig.  2-17  ). 

All  tests  were  conducted  with  the  shield  axis  coll  inear  with  the  jet 
axis.  Owing  to  the  limited  length  to  avoid  running  into  the  spreading 
jet,  the  5  D  diameter  provides  negligible  shielding  (Fig.  2-18  ).  A 
contributing  reason  is  the  small  lateral  dimensions  of  this  shield 
relative  to  the  dominant  wavelength  of  the  radiated  jet  noise.  Further¬ 
more,  short  shield  lengths  do  not  shield  a  sufficient  portion  of  the 
source  region  of  the  jet.  The  shielding  capability  of  longer  shield 
length  (above  6  D  in  length)  is  nullified  by  Interference  edge  noise  at 
large  angles.  The  maximum  shield  length  of  this  particular  half  round 
configuration  for  negligible  interference  Is  about  7  0  (  Fig.  2-18). 
This  is  consistent  with  the  boundary  of  closest  approach  as  determined  by 
using  a  narrow  probe  (cf .  FI9.  2-10  ) 

The  10  D  shield  achieved  a  reduction  of  the  peak  broadband  noise  by  at 
least  three  decibels  for  moderate  lengths  (12  to  15  0)  (Fig.  2-19a  ).  In 
the  direction  of  peak  jet  noise  (  30  degrees  ),  no  appreciable  gain  in 
reduction  can  be  achieved  beyond  20  0  in  length.  F1g.(  2-  19b  )  Indicates 
that  Increases  in  shield  length  cause  an  Increase  In  edge  noise.  Up  to 
shield  length  of  22  0,  there  Is  increased  edge  noise;  thereafter  a  de¬ 
crease  is  observed.  Thus  although  the  longer  shields  give  a  greater 
broadband  (or  spectral  average)  attenuation,  the  lower  frequencies  are 


Figure  2 -19c  shows  the  expected  advantage  of  the  half-round  shields 
over  planar  shields  in  attenuating  sideline  noise.  The  planar  shield 
shows  no  lateral  attenuation  whatsoever:  in  fact,  a  slight  enhancement. 

For  the  15  0  diameter  shield,  the  jet  is  at  sufficiently  large  distance 
fran  the  shield  surface  so  that  interaction  between  jet  flow  and  shield 
surface  is  decreased  considerably  for  fixed  lengths.  In  spite  of  this, 
overall  improvement  is  exceedingly  small  as  compared  with  the  smaller 
diameter  shields  of  equal  length.  This  Is  due  to  the  decrease  of 
effective  barrier  height  as  the  shield  moves  away  from  the  jet  sources. 


2.5  Hybrid  Configurations 

2.5.1  Introduction 

In  principle,  the  problem  with  the  noise  generated  by  the  interference 
between  jet  flow/shield  surface  could  be  alleviated  if  the  shield  were 
replaced  by  a  hot  slit  jet.  This  ignores  the  introduction  of  other  noise 
sources.  The  concept  stems  from  the  principle  that  an  acoustic  wave 
suffers  reflection  at  a  boundary  of  change  of  acoustic  impedance,  such  as 
a  layer  of  hot  gas  which  possesses  a  higher  sound  speed  than  the  noise- 
producing  Jet  (Appendix  A  ) .  As  a  sound  barrier,  the  hot  gas  can  only 
have  a  limited  effective  downstream  length,  for  entrainment  of  colder 
air  progressively  weakens  the  reflective/refractive  capability. 
Consider,  however,  a  hot  jet  emanating  from  the  trailing  edge  of  a  shield: 
the  combination  would  be  effectively  longer  than  either  alone.  The 
trailing  edge  Jet  should  form  a  reflective  extension  of  the  shield  that 
is  free  of  Interference  edge  noise. 

in  the  past,  theoretical  and  experimental  studies  of  reflection  and 
refraction  of  sound  at  an  interface  have  been  carried  out.  Of  these,  a 
comprehensive  treatment  of  the  theory  of  transmission  and  reflection  of 
plane  acoustic  waves  at  an  Interface  of  layered  media  can  found  in 

Brekhovskikh’s  book  (  Ref.  22  ).  Earlier  works  published  in  this  area  in 

the  1940's  and  1950's  for  relatively  moving  fluid  layers  were  found  to 
err  in  applying  the  Incorrect  boundary  condition  to  the  wave  equation 
(Refs.  Rudnlck23  (1946),  Keller24  (1955),  Franken  and  Ingard25  (1956)). 


Rlbner  (Ref.  26  )and  Miles  (Ref.  27  )  were  the  first  one  to  solve  the 
problem  of  a  moving  fluid  medium  with  the  correct  boundary  condition 
applied  at  the  Interface  of  the  discontinuity.  (Continuity  of  normal 
velocity  component  is  replaced  by  continuity  of  particle  displacement.) 

Experimental  studies  of  the  impedance  layer  shielding  phenomenon  have 
been  carried  out  by  I.S.F.  Jones  (Ref.  28  ),  Nor  urn  (Ref.  29  ),  and  Cowan 
and  Crouch  (Ref.  30  ).  Of  these  studies,  both  Jones  and  Cowan  and  Crouch 
used  a  heated  sheet  of  gas  as  the  shielding  layer.  Jones  used  a  sheet  of 
acetylene  flame  lying  on  an  arc  to  shield  a  subsonic  jet,  and  obtained  a 
maximum  attenuation  of  about  3  dB  over  a  broad  range  of  frequencies  at 
30  degrees  to  the  jet  axis.  Cowan  and  Crouch  made  a  more  ex  tens  w* 
experimental  study  of  the  shielding  character istics.  They  used  a  pure 
tone  sound  source  located  sufficiently  far  away  to  obtain  quasi-plane 
sound  waves  incident  on  the  planar  slit  jet  gaseous  shield.  Reasonable 
agreement  between  the  measured  transmission  loss  and  that  calculated 
from  a  theoretical  model  for  plane  waves  (Ref.  31)  *as  obtained. 

A  high  speed  air  jet  was  also  used  as  a  broadband  and  distributed  noise 
source  to  evaluate  the  effectiveness  for  practical  application  to  jet 
noise  problem.  The  results  of  Cowan  and  Crouch  show  an  attenuation  of  10 
to  15  dB  across  the  spectrum  at  25  degrees  to  the  jet  axis.  However,  to 
achieve  this  the  slit  jet  shield  was  enormously  larger  than  the  round  jet 
it  was  shielding. 

Norum  used  a  low  speed  helium  jet  to  create  an  Impedance  layer.  Shield¬ 
ing  obtained  for  pure  tones  emitted  by  a  point  source  were  in  the  order 
of  12  dB  for  frequencies  between  4  and  12  kHt.  Thus,  these  earlier 


investigations  suggest  that  substantial  attenuations  can  be  obtained 
from  a  high  sound-speed  gas  layer,  albeit  when  the  layer  cross-section  is 
large  compared  with  the  jet  cross-section  and  well  removed.  Subject  to 
this  limitation,  the  concept  may  have  application  for  reducing  jet 
noise. 


2.5.2  Sugar  Scoop  Plus  Thermal  Layer  Extension 

Although  the  gaseous  layers  appear  to  provide  a  considerable  degree  of 
transmission  loss,  if  extensive  enough,  it  has  been  pointed  out  herein 
that  a  combination  of  a  solid  shield  and  a  trailing  hot  gas  layer  might 
be  more  effective. Some  relatively  crude  experimental  tests  of  this  new 
concept  are  reported  below. 

One  of  the  hybrid  conf igurations  tested  utilizes  a  thermal  layer 
combined  with  a  half  round  sugar  scoop  shield.  The  composite  shield  is 
constructed  by  attaching  a  specially  modified  acetylene  burner  to  the 
trailing  edge  of  a  scoop  shield.  The  burner  is  made  of  Um  inside 
diameter  copper  tubing  drilled  with  holes  and  bent  into  an  arc  to  hug  the 
trailing  edge  of  the  scoop  shield.  A  1.13  m3  capacity  tank  supplies 
acetylene  to  the  burner.  The  acetylene  is  passed  through  a  pressure 
regulator  and  flexible  tubing  to  a  tee  trttich  is  then  connected  with 
additional  tubing  to  the  two  ends  of  the  burner  tv  means  of  90  degree 
elbows.  Some  difficulty  was  experienced  in  obtaining  a  uniform  sheet  of 
flame.  Through  trial  and  error,  a  final  design  shown  in  Fig.(2-?0a)  evolved. 
It  consists  of  forty  five  holes,  each  hole  is  1.4  nm  in  diameter  and 
adjacent  holes  are  6.4  m  apart.  Although  the  overall  flame  sheet  may  be 
varied  in  size,  allowance  for  the  adjustment  of  Individual  flames  has  not 
been  made.  The  length  of  the  luminous  core  of  the  flame  is  about  3.8  cm 
without  the  jet  on.  The  individual  flames  merge  and  give  the  appearance 
of  an  uninterrupted  sheet  which  extends  about  5  cm  from  the  burner. 


For  conical  flaws,  Jost  (Ref.  32)  develops  a  siaple  formula  for  the 
effective  flaw  speed  from  geometrical  considerations.  Asswtng  the 
velocity  of  combustion  is  normal  to  the  cone  (flame  surface)  he  obtains 
the  flame  speed  as  (Fig.  2-20b  ) 

Vf  -  — 

Sin  0 

where  Vn  is  the  normal  velocity  of  combustion  (1.35  m/sec  for  acetylene 
CjH?  in  mixture  with  air)  and  0  the  cone  half-angle. 

In  the  experimental  set-up,  the  inner  cone  of  the  flaw  was  estimated  to 
be  about  0.54  cm. 

Therefore  0  *  tan'1  (r/h) 

■  tan'1  (0.7/6. 4) 

-  6.24° 

Thus,  the  speed  of  the  hot  gas  close  to  the  proximity  of  the  burner  can 
be  estimated  as: 

Vf  ■  »„  /  sin  0 

•  1.35  /  sin  (6.24°) 

»  12.4  m/sec 


The  noise  spectrum  was  measured  for  the  gaseous  shield  i flame)  alone. 
The  flame  noise  is  dominated  by  low  frequencies.  (  Fig.  2-21  ).  4t 
150  Hz  there  is  a  spectrum  level  comparable  to  that  of  the  unshielded  jet 
noise  followed  by  a  rapid  decay  at  a  rate  of  16  dB/dec. 

With  this  solid-gaseous  combination,  a  10  0  diameter  shield  of  length  14  D 
with  a  burner  attached  to  the  trailing  edge  provides  a  total  of  4  to  5  dB 
insertion  loss  for  frequencies  above  1  kHz  (  Fig.  2.22  ).  The  visible 
length  to  the  tip  of  the  flame  is  about  15.5  D.  This  is  comparable  with 
or  better  than  the  attenuation  provided  at  these  higher  frequencies  by  a 
24  D  long  shield  without  a  flame.  The  price  is  extra  ’combustion  noise' 
below  1  kHz. 

Further  investigations  were  also  carried  out  with  a  burner  attached  to 
smaller  diameter  (5  0)  shields  of  7  0  and  10  D  in  length.  In  this  case, 
the  flame  is  closer  to  both  the  jet  axis  and  the  nozzle  than  with  the 
10  0  conf Iguration  just  discussed.  As  expected,  the  jet/flame  inter¬ 
action  noise  increases  when  the  flame  is  moved  closer  to  the  jet 
(Fig.  2-23  ).  At  the  same  time,  the  composite  shield  shows  considerably 
more  improvement  in  shielding  over  the  solid  shield  alone  as  compared 
with  the  bigger  (10  0)  shield  (Fig.  2-22  ).  This  is  consistent  with 
expectation  since  the  high  frequency  sources  In  the  jet,  i.e.  those  In  a 
zone  near  the  nozzle  -now  lie  closer  to  the  hot  shielding  layer.  A  layer 
hot  gas  is  more  effective  in  blocking  the  short  wave  lengths.  On  the 
average,  a  flame  attached  to  the  trailing  edge  of  the  5  0  shields 
provides  an  additional  effective  length  equivalent  t.o  a  3  0  long 
extension  of  the  solid  material  alone  for  shielding  at  high  frequencies. 


The  effect  of  the  hot  gas  layer  Is  more  evident  as  the  observation  angle 
9  is  decreased  (towards  the  peak  intensity  direction).  At  a  particular 
observation  angle,  the  observer’s  direct  Tine  of  sight  that  intersects 
the  shield  edge  is  now  interposed  by  a  layer  of  flame.  The  sound  waves 
(generated  by  the  turbulent  flow)  that  travel  through  the  impedance 
layer  at  small  9  to  reach  the  observer  are  mostly  from  the  high 
frequency  source  region  (Fig.  2-24  ).  Also,  sound  waves  Incident  on  the 
interface  at  a  more  grazing  angle  for  small  9  (  20°  — *  40°  )  are  more 
likely  to  fall  within  the  'cut  off'  region  of  the  layer  in  which  an 
exponentially  deraying  wave  occurs  within  the  shielding  layer  instead  of 
a  propagating  wave. 

On  the  whole,  these  far-from-exhaustive  model  tests  indicate  that  some 
increase  in  noise  reduction  can  be  achieved  with  the  composite  shield. 
The  relatively  small  dimensions  of  the  hot  layer  together  with  the 
jet/flame  interaction  noise  caused  the  attenuation  to  fall  short  of 
expectation.  Analysis  of  sound  transmission  through  a  layered  medium 
(Appendix  A  )  shows  that  the  transmission  loss  increases  with  both  sound 
speed  ratio,  and  more  strongly  with  layer  thickness.  Thus,  much  higher 
attenuation  should  be  attainable  by  means  of  substantial  Increase  in 
mass  flow.  This  could  be  accomplished,  for  example,  by  installing  cascades 
of  burners.  Hotter  flames  may  be  one  other  solut'on,  but  to  be  free  of 
jet/flame  Interaction  noise.  It  might  be  better  to  utilize  preheated  air. 

As  discussed,  previous  results  In  the  literature  (by  Jones  and 
by  Cowan  and  Crouch)  have  shown  attenuation  over  a  broad  range  of  fre¬ 
quencies  of  order  B  to  12  dB  at  30°  to  the  jet  axis:  these  referred  to  a 


gas  layer  shield  alone.  This  is  considerably  higher  than  values  measured 
in  the  present  investigation  for  a  hybrid  shield:  'sugar  scoop’  plus  hot 
gas  layer.  However,  their  thermal  layers  were  relatively  massive  com¬ 
pared  with  the  jet  they  were  shielding,  unrealistically  so  for  practical 
Implementation  for  real  Jets. 


Another  hybrid  configuration  examined  was  the  combined  planar  and  half 
round  shield.  A  hyperbolic  cutout  allows  the  barrier  height  to  be 
increased  without  unduly  enhancing  the  edge  noise.  At  the  same  time, 
some  of  the  source  region  remains  exposed.  This  reduces  the  effective¬ 
ness  of  the  reflective  barrier.  Accordingly,  a  scoop  shield  was 
installed  below  the  cutout  area  to  shield  the  exposed  region.  This 
provides  an  additional  reduction  over  the  simple  planar  configuration  ( 
Fig.  2-ZB  }.  On  the  whole,  however,  a  lighter  scoop  shield  alone  is  seen 
to  provide  the  same  oegree  of  ouwnward  shielding  as  this  hybrid  configur¬ 
ation. 
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3.  SUMMARY  OF  SHIELQING  EXPERIMENTS 

A  variety  of  shielding  concepts  has  been  examined  in  the  laboratory 
(Fig.  3-1).  Several  factors  appear  to  limit  the  effectiveness  of  the 
shields.  First,  the  finite  size  of  the  shield  in  conjunction  with  the 
extended  length  of  the  source  region  in  a  turbulent  jet  allows  direct 
sound  radiation  from  part  of  the  region  to  be  received  at  most  observer 
positions.  Second,  the  decreasing  frequency  of  noise  sources  with 
distance  downstream  of  the  nozzle,  coupled  with  the  fundamental  property 
of  barriers,  permits  significant  noise  reduction  only  /t  r  derate  an' 
high  frequencies.  Third,  when  the  barrier  is  made  s/-  -ent  ly  large  to 
approach  the  jet  boundary  --  as  it  must  for  significant  shie’uing  -- 
intense  low  frequency  'edge  noise'  may  mask  the  shielding  effect.  In 
several  cases  a  rise  in  the  overall  sound  pressure  level  has  been 
observed. 

Among  the  configurations  tested,  the  half  round  'sugar  scoop'  shield  was 
found  to  be  the  most  cost  effective,  providing  a  good  insertion  loss  in 
the  order  of  4  dB  for  a  minimum  expenditure  of  barrier  material.  The 
effectiveness  of  the  shielding  can  be  enhanced  by  the  use  of  a  hot  gas 
layer;  however  careful  attention  must  be  paid  to  the  problem  of  secondary 
noise  sources  such  as  combustion  noise  and  flame/flow  interactions.  In 
our  tests  a  longer  scoop  shield  (L«24  0)  provides  comparable  attenuation 
at  the  high  frequencies  (and  produced  less  spurious  low  frequency  noise) 
than  the  hybrid  shield  of  visible  length  15.5  0. 
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Overall  insertion  loss  obtained  Is  in  the  order  of  3  to  4  d8,  depending 
on  the  particular  conf iguration.  As  the  high  frequencies  Suffer  more 
attenuation,  the  change  in  the  perceived  noise  level  will  most  certainly 
differ  from  the  corresponding  change  in  physical  sound  pressure  level. 
Owing  to  the  increased  sensitivity  of  the  ear  at  high  frequencies,  the 
subjective  loudness  of  the  received  signal  ought  to  decrease.  This  will 
be  examf/ted  in  some  detail  in  the  ground  contour  calculations 
(Section  5  }. 


4.  estimate  qp  scaling  effects 

The  noise  data  from  the  model  jet  must  scaled  up  to  a  full  size  jet  in 
order  to  give  estimates  of  barrier  performance  at  'operational*  fre¬ 
quencies.  Thus,  scaling  laws  are  required  to  convert  the  experimentally 
measured  insertion  loss  and  frequency  data  of  the  model  up  to  a  full 
scale  system. 

It  is  well  known  that  to  a  first  approximation  the  jet  noise  can  pe 
scaled  to  jet  velocity  U  and  diameter  D  by  a  U8  DZ  power  law.  Further, 
It  is  characterized  by  a  universal  spectrum  whose  peak  frequency  T 
occurs  at  a  Strouhal  number  ($«fO/U)  of  the  order  of  0.3  .  Based  on 
Fresnel  number  considerations,  for  a  fixed  source  and  observer 
configuration  the  effectiveness  of  a  barrier  increases  with  the  ratio  of 
a  typical  dimension  l  (»nD,  say)  to  the  wavelength  of  the  incident 
sound,  *  .  It  is  desirable  to  reduce  the  noise  level  at  the  peak 
frequency  (f  ■  0.3  U/D):  this  in  turn  determines  the  typical  dimension 
of  the  shielding  configuration  (nO/x  ).  The  parameter  0/X  is  called 
the  Helmholtz  matter,  H;  ft  can  be  expressed  in  terns  of  S  and  Mach 
nuntoer  *  (  H  -  DA  -  (fD/U)(U/C)  •  $W  ).  The  criterion  for  similarity 
in  Jet  nofse  shielding  Is  to  match  both  the  Helmholtz  and  the  Strouhal 
niaaber  between  model  and  full  scale.  In  general,  it  is  not  possible  to 
match  both,  so  we  match  H  «  0/a  ,  which  governs  the  insertion  loss  at  a 
given  frequency.  The  resultant  mismatch  fn  S  distorts  the  scaled  model 
scale  spectrum  from  the  correct  full-scale  spectrum.  This  is  handled  by 
the  following  argument. 


For  shielding  at  any  frequency  *f*  to  be  invariant,  the  ratio  D/x  is  to 
be  held  constant  for  the  model  (  in  )  as  well  as  the  full  scale  configura¬ 
tion  (j)  (Fig.  4-1  ). 

Y^'Vn,  (,-1) 

Since 

x  »  c/f 

where  c  *  sound  speed, 

therefore  Oj/  Xj  ■  fjOj/Cj  and  Dm/  x„  *  f„,Vcm  (4.2) 


To  test  the  validity  of  the  above  conclusion,  the  original  3/4'*  nozzle 
was  considered  to  be  the  'full  scale’  jet.  A  1/4"  nozzle  was  constructed 
and  used  as  the  ’model'.  Flow  speeds  were  varied  from  M  *  .3  to  .9  so  as 
to  provide  a  variety  of  U  /  U<  ratios. 

In  principle,  if  the  scaling  law  as  stated  was  obeyed,  then  shielding 
should  be  invariant  for  both  model  and  full  scale  at  properly  scaled 
Strouhal  numbers  (  see  Eq.  4-6  ).  Thus,  if  the  attenuation  as  measured 
is  plotted  against  this  modified  Strouhal  number,  the  data  should  col¬ 
lapse  onto  a  single  curve.  However,  it  can  be  seen  from  Fig.  (  4-2  ) 
that  the  experimental  data  do  not  quite  collapse  on  a  single  curve. 


the  above  reduces  to 


'j  °i  * °« 


However,  this  requires  that 


y/Uj  *  vvv<vy 


At  first,  the  deviation  was  thought  to  be  due  to  interference  trailing 
edge  noise  arising  from  the  shield  being  close  to  the  jet,  which  modifies 
the  jet  spectrum  in  addition  to  the  shielding  effect.  Several  tests  were 
(4_4)  then  carried  out  with  shields  placed  further  away  from  the  Jet  axis  with 

negligible  interference  with  the  jet  flow.  However,  this  does  not  re¬ 
solve  the  dilemma  (Fig.  4-3  ).  After  further  investigation,  it  was 
discovered  that  the  Jet  spectrum  of  the  small  nozzle  (I/4-)  did  not 
(4.5)  exhibit  the  expected  Strouhal  scaling.  This  is  illustrated  by  the  nor¬ 

malized  dimensionless  jet  noise  spectra  (Fig.  4-4  ). 


or  equivalently,  Sj  *  **  u»  f  (4-6) 

This  implies  that  if  at  a  certain  model  frequency  f^,  the  shielding  data 
yields  an  insertion  loss  of  say  A  dfl,  then  the  full  scale  should 
experience  the  identical  A  d0  at  a  different  frequency  fj  defined  by 
Ed- (  <-5  ). 


A  factor  that  could  contribute  to  the  failure  to  collapse  is  as  follows. 
The  assumption  that  insertion  loss  in  dB  for  model  and  full  scale  is  the 
same  when  0/N  is  invariant  underlies  the  analysis.  This  is  based  on  the 
geometric  similarity  assumption  that  the  location  x  of  sources  of  wave 
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length  >s  along  the  jet  axis  scales  with  jet  diameter  0.  But  x/D  is  a 
function  of  Strouhal  number  S  *  fD/U.  Since  S  is  not  invariant  by  (  4-5  ) 
or  (  4-6  )  unless  3  Uj,  then  x/0  Is  not  invariant.  This  alteration  of 
x/D  will  have  a  more  serious  effect  on  diffraction  for  some  shield  length 
spacing  geometries  than  others.  Without  further  quantitative  analysis, 
it  is  not  known  how  this  might  relate  to  Figs.  (  4-2  )  and  (  4-3  }. 
However,  one  can  see  that  the  small  model  data  points  do  lie  indeed  quite 
close  to  the  large  nozzle  curve  for  U^,  ■  Uj. 

Another  reason  for  the  failure  of  the  curves  to  collapse  is  believed  to 
be  the  altered  Strouhal  scaling  of  the  1/4“  jet.  This  in  turn  is 
believed  to  be  related  to  the  dependence  upon  Reynolds  number  (based  on 
jet  dlaneter)  where  transition  from  laminar  to  turbulent  flow  takes 
place.  It  could  be  that,  because  of  the  low  turbulence  level  in  the  air 
supply,  the  boundary  layer  on  the  noz2le  walls  was  laminar  for  the 
smaller  diameter  nozzle  (1/4").  For  larger  nozzles,  the  Reynolds  number 
increases  accordingly.  It  should  be  pointed  out  that  sound  from  low 
Reynolds  number  jet  flows  has  been  observed  to  behove  differently  from 
noise  radiated  by  jets  at  Reynolds  number  in  excess  of  10QG0Q  (Ref.  33  ). 


5.  GROUND  CONTOURS  (Noise  "Footprints") 


On  average,  3  or  4  dB  reduction  of  the  overall  noise  level  has  been 
achieved.  3  dB  represents  a  redistribution  of  about  50*  of  the  Incident 
acoustic  energy  away  from  the  microphone;  on  a  linear  scale,  this  is  a 
considerable  amount.  However,  the  human  ear  does  not  respond  linearly, 
but  approximately  as  the  one-third  power  of  the  intensity  over  a  wide 
range  (Ref.  65).  Thus  the  loudness  reduction  is  only  about  1  -  (.5)  1/3 
or  20.6*:  not  very  much.  A  1  dB  reduction  In  intensity  (7.4*  in 
loudness)  is  about  the  minimum  variation  detectable  by  the  human  ear. 

To  put  this  In  perspective,  a  10  dB  change  in  noise  level  (10-fold  in 
intensity)  is  close  to  the  hearing  sensation  of  either  two  times  or  one- 
half  the  loudness,  according  to  the  1/3  power  law.  The  following  table 
shows  the  subjective  response  to  change  in  noise  levels  corresponding  to 
perceived  changes  in  loudness. 


Change  in  Physical 
5°und  Level 

1  dB 

3  dB 

5  dB 

10  dB 

15  dB 

20  dB 


Subjective  Effect  (Change  in  loudness) 


Minimum  detect ible 
Just  perceptible 
Clearly  perceptible 
Factor  of  two 
Factor  of  three 
Factor  of  four 


approximately 
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Thus  an  aircraft  noise  reduction  of  only  3  dB  is  barely  detectable.  A  10 
dB  reduction  is  substantial.  A  20  dB  reduction  is  very  substantial: 
it  corresponds  to  a  hundred  fold  diminution  in  the  acoustic  intensity  at 
the  microphone.  To  achieve  an  aircraft  noise  reduction  of  this  magnitude 
by  noise  shielding  alone  Is  thought  to  be  quite  Impracticable  using 
present  technology. 

However,  in  assessing  the  effectiveness  of  shielding,  the  non-uniform 
frequency  response  of  the  human  ear  must  be  taken  into  account.  It  is 
especially  helpful  if  components  of  the  signal  that  are  most  annoying  can 
be  suppressed.  To  this  end,  an  appropriate  qualifier  used  in  aircraft 
noise  assessment  is  the  perceived  noise  level  (PNl),  which  provides  a 
measure  of  the  ear's  response.  PNL  accounts  for  amplitude  and  frequency 
with  an  associated  decibel  rating:  the  PN  dB. 

The  PN  dB  is  a  measure  of  the  noisiness  of  a  complex  acoustic  signal. 
The  loudness  of  a  noise  is  a  function  of  frequency  (Fig.  5-1  );  thus, 
signals  with  equivalent  overall  sound  pressure  level  may  not  be  Judged 
equally  loud  or  equally  annoying.  The  total  noisiness  of  a  compound 
noise  is  calculated  by  assigning  a  level  of  perceived  noisiness  ( NOY S )  to 
each  octave  band  from  63  Hz  to  8000  Hz  (Fig.  5-2  ).  The  total 
noisiness  NT  is  calculated  by  using  the  relationship. 

NT  •  Nm  ♦  0.3  (  IN  -  Nm  ) 


*here  *  NOY  value  of  the  most  noisy  bands 

and  IN  *  sum  of  the  noys  values  for  all  eight  octave  bands  (This 
equation  reflects  the  masking  effect  of  the  noisiest  band  over  the 
other  •».) 

Ny  is  then  converted  to  a  logarithmic  measure  of  the  perceived  noise  by 
the  relation 

PN  dB  «  40  ♦  33.3  log  1QNT  . 

There  are  several  methods  by  which  one  can  implement  the  PN  dB  calcu¬ 
lation  procedure  with  a  computer.  The  one  described  in  Appendix  B  is 
taken  from  Ref.  (  35  ).  The  present  algorithm  was  validated  and  was 
used  to  facilitate  all  such  calculations. 

Aircraft  operations  have  the  greatest  impact  on  the  population  during 
take-off  and  landing.  It  is  evident  that  an  observer  near  the  path  of 
the  aircraft  will  be  exposed  to  a  higher  sound  pressure  level.  As  the 
aircraft  moves  along  its  flight  path,  so  does  the  radiated  sound  pattern, 
a  portion  of  which  intercepts  the  ground.  Thus  'footprints'  of  equal 
peak  sound  intensity  can  be  defined.  If  a  reduction  of  jet  noisi*  is 
realized,  then  the  respective  footprint  areas  will  be  reduced.  The 
footprint  will  give  a  more  complete  picture  of  the  effect  of  the  shield¬ 
ing  devices. 

We  will  consider  a  single  aircraft  take-off.  The  maneouver  is  taken  to 
be  as  close  to  the  real  life  situation  as  possible.  A  procedure  have  been 
developed  to  compute  the  peak  intensity  level  at  points  on  the  ground. 
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The  computer  results  are  used  to  estimate  the  effectiveness  of  the 
addition  of  various  shielding  devices  for  aircraft  noise  reduction. 

Contours  of  these  footprints  are  calculated  on  a  PN  dB  basis.  The  mode) 
data  consist  of  frequency  spectra  of  the  basic  and  shielded  jet  noise 
measured  at  discrete  points  over  a  hemispherical  surface  (Fig.  2-5  ). 
To  calculate  the  perceived  noise  level,  the  measured  noise  spectra  are 
analysed  in  octave  bands.  The  noise  radiated  above  the  shield  cannot  be 
heard  in  the  cownunity,  it  is  not  considered  here.  The  model  data  have 
been  scaled  to  simulate  a  single  jet  engine  delivering  a  thrust  of  11000 
Newtons  (about  2600  lb).  The  full  scale  exhaust  velocity  and  temperature 
are  taken  equal  to  those  of  the  model  configuration  (see  last  paragraph 
on  page  46  and  Eq.  4-3).  Furthermore,  the  frequency  of  the  jet  noise  is 
scaled  by  the  inverse  of  the  geometric  scale  factor  (Eq.  4.4). 

The  aircraft  follows  a  flight  path  of  12°  and  climbs  at  a  constant  angle 
and  velocity.  The  flight  path  and  the  system  of  grid  points  on  the 
ground  plane  where  the  noise  level  is  calculated  are  shown  in  Fig.  5-3  . 
We  start  with  a  spherical  polar  coordinate  system  attached  to  the 
aircraft  and  later  make  two  coordinate  transformations  to  ground-fixed 
coordinates.  As  the  aircraft  flies  along  the  track,  the  Instantaneous 
coordinates  of  the  ground  grid  points  (i.e.  radial  separation  and  polar 
angles)  relative  to  the  aircraft  are  calculated.  The  levels  at  points 
intermediate  to  the  data  'points’  are  estimated  by  means  of  a  two 
dimensional  cubic  spline  interpolation  scheme.  Other  effects  such  as 
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geometric  spreading  (1  ~  1/r  )  and  atmospheric  absorption 
(Ref.  ae  )  of  sound  are  also  considered.  However,  the  effects  of 
sound  propagation  over  the  ground  at  shallow  angles  is  Ignored:  this 
provides  additional  absorption. 

A  computer  program  was  developed  to  calculate  the  sound  intensity  at  grid 
points  on  a  ground  plane.  The  rather  complex  sequence  of  operations  is 
indicated  schematically  in  Figure  5-4  .  The  intensity  at  the  grid 
points  is  calculated  as  function  of  time  for  the  given  flight  path.  The 
maximum  level  is  then  selected  to  give  the  maximum  PN  dB  level  at  each 
grid  point.  Contours  of  constant  PN  dB  are  then  interpolated  from  the 
maxima  calculated  at  each  grid  point. 

Comparative  footprints  with  and  without  the  various  shielding  devices 
are  shown  in  Fig  (  5-6  ).  The  rectangular  shields  are  placed  at  a 
shield-jet  separation  h/D  *  3,  and  the  half  round  snield  to  be  coaxial 
with  the  jet.  In  all  cases,  the  shielding  achieves  a  significant 
reduction  in  footprint  area.  As  a  basis  of  comparuion,  the  90  PN  dB 
contour  was  considered.  The  ratio  of  areas  within  the  90  PN  dB  contour 
for  different  shields  of  equal  length  (I/O  »  16)are  as  follows: 


6.  Aft  ENGINEERING  SCHEHE  FOR  JET  HQlSt  SHIELDING  PREDICTION 


Shield 

Relative  area  within 
90  PN  dB  contour 

Hone  (Jet  stone) 

1.00 

Rectangular  Ming 

.63 

Localized  Extension 

.57 

Rectangular  Wing  »1th  Cut-Out 

.46 

Localized  Extension  ♦  Scoop  Shield 

.40 

Scoop  Shield  (10  0  diameter) 

.34 

It  can  be  seen  from  Fig.  (  5-5  )  that  the  general  shape  of  the  footprint 
has  not  been  considerably  altered;  the  scoop  shield  has,  however,  a  signi¬ 
ficant  influence  on  the  width.  This  reflects  the  improvement  In  sideline 
noise  reduction  in  section  2.4. 

It  should  be  pointed  out  that  the  extent  of  the  reduction  of  the  enclosed 
area  by  a  certain  PH  dB  ground  coutour  as  calculated,  involved  a 
simplified  approximation  to  simulate  full  scale  flight.  Complex  and 
still  controversial  procedures  allow  inclusion  of  the  effects  of  air¬ 
plane  motion  relative  to  a  ground  observer  and  forward  flight  effect  on 
the  radiated  noise  field.  The  former  will  give  rise  to  the  familiar 
Dopper  shift,  the  latter  not  only  alters  the  effective  source  strength 
and  directivity  (Ref.  37  )  but  also  appears  to  have  a  measurable 
Influence  on  the  shielding  effectiveness  (Ref.  38  ).  All  this  is  beyond 
the  scope  of  the  present  investigation. 


6.1  Introduction 

Scaling  laws  describing  the  radiated  sound  field  of  a  turbulent  jet  can 
be  derived  from  the  self  preservation  properties  of  the  turbulence  in  the 
mixing  region  (about  4.5  diameters  long)  and  in  the  fully  developed  flow. 
The  turbulent  quantities  are  approximately  self-similar  in  these 
regions,  changing  only  In  scale.  As  one  proceeds  in  the  downstream 
direction  along  the  jet  axis,  the  jet  velocity  decrer  es  and  the  length 
and  time  scales  increase.  Hence  one  would  anticipate  that  high  fre¬ 
quencies  are  preferential ly  generated  near  the  nozzle  and  low  fre¬ 
quencies  further  downstream.  A  turbulent  jet  can  be  considered  as  a 
broad  band  noise  source,  where  narrow  band  spectra  emitted  from  short 
segments  of  a  jet  exhibit  a  characteristic  peak  frequency  that  is  a 
function  of  axial  position.  One  car  Amplify  the  picture  by  letting  a 
given  slice  of  jet  emit  a  single  characteristic  freauency. 

Based  on  the  theoretical  formalisms  relating  certain  turbulence  pro¬ 
perties  to  the  radiated  sound,  various  analytical  and  experimental 
diagnostic  techniques  have  been  devised;  they  deduce  effective  acoustic 
source  strength  per  unit  length  as  well  as  the  approximate  location  of 
the  sound  sources  in  the  jet.  These  strength  measurements  a'-e  in  essence 
a  means  of  link‘ng  the  far  field  noise  field  with  the  flow  turbulence 


that  generates  It.  Major  source  location  schemes  have  been  proposed  by 
Grosche  {  l®  ),  and  Fisher,  Harper-Bourne  and  Glegg  (  Ref.  40  ). 

In  practice,  solutions  for  the  diffracted  field  are  sought  for 
relatively  clearcut  situations  where  the  nature  of  the  sources  Is  well 
defined,  usually  a  monopole  source  emitting  a  pure  tone.  Even  if  a 
reasonable  estimate  of  the  behaviour  of  the  barrier  can  be  made,  one  Is 
still  faced  with  the  probler.  of  adapting  the  information  to  a  jet  noise 
prediction  scheme.  The  difficulty  arises  from  the  nature  of  the  sources 
of  jet  noise,  being  a  collection  of  'correlation  volumes'  of  random 
instantaneous  strength,  radiating  much  like  acoustic  quadrupoles  of 
random  orientation.  It  has  been  shown  that  the  diffraction  behaviour  of 
the  higher  order  sources  is  expected  to  yield  poorer  shielding  as  com¬ 
pared  with  simple  monopoles  (Ref.  ). 

In  the  present  investigation,  the  sources  at  different  axial  locations 
are  treated  as  statistically  independent  radiators.  This  facilitates  an 
approximate  prediction  scheme  for  jet  noise  shielding.  It  is  assigned 
that  it  is  reasonable  to  construct  an  effective  far-field  spectrum  by 
summing  over  all  possible  source  positions  and  frequencies,  white 
accounting  for  any  insertion  loss  due  to  shielding.  This  Is  In  effect  an 
engineering  approach.  The  performance  of  such  a  scheme  is  examined 
below. 

The  scheme  is  based  on  modelling  the  Jet  sources  as  a  distribution  of 
point  sources  along  a  line  (Jet  axis).  The  shielding  of  point  sources  Is 


determined  (by  theory  and  experiment)  as  a  function  of  position  and 
frequency.  In  order  to  synthesize  the  jet  source  shielding  fra*  the 
shielding  of  point  sources,  the  frequency  and  intensity  distribution 
along  the  jet  axis  must  t>e  known,  for  a  given  source  intensity  dis¬ 
tribution  of  a  particular  frequency,  the  attenuation  due  to  shielding 
can  be  subtracted  from  the  unshielded  level  separately  for  each 
position.  The  total  attenuation  for  a  particular  frequency  can  then  fee 
added  logarithmical ly.  In  this  way,  a  ’shielded’  spectrum  can  be  built 
up  (Appendix  0). 

There  are  several  factors  fnat  influence  the  accuracy  of  this  'first  cut' 
prediction  scheme.  Howe-er,  reasonable  predictions  ar  ’  possible  if  the 
principal  features  of  flow  noise  generation  and  d  'fraction  are 
accounted  for.  Aircraft  nnise  shielding  involves  both  direction  by 
the  solid  boundary  of  the  shield  as  well  as  the  effect  of  sound-flow 
interaction,  Such  as  refraction  by  the  mean  velocity  gradient  and 
scattering  by  turbulence  in  a  flow  field.  To  simplify  matters,  the 
sound-flow  interaction  effect  will  be  consid**’  ?d  separately:  an  expert- 
ment  was  performed  to  assess  whether  or  not  the  simplifying  assumption 
that  diffraction  with  no  flow  present  is  applicable,  this  will  be  dis¬ 
cussed  later. 

As  opposed  to  an  omnidirectional  source,  the  amplitude  of  the  incident 
wave  front  from  a  Jet  that  is  being  diffracted  by  a  shield  edge  is 
different  from  the  corresponding  unshielded  level  in  a  particular 
direction  due  to  the  associated  nonuni  font  directivity  of  the  convected 
jet  noise  pattern.  This  directional  pattern  peaks  strongly  at  an  oblique 


5 . 2  Point  Source  Experiment 


angle  in  the  downstream  direction.  At  90°  the  basic  unshielded  jet  noise 
is  dominated  by  high  frequencies.  When  a  shield  is  introduced,  the 
incident  field  in  the  neighborhood  of,  and  thus  diffracted  by,  the  edge 
will  be  mainly  the  low  frequency  noise  component  in  the  peak  noise 
direction.  In  this  analysis,  special  consideration  is  given  to  the 
directivity  factor. 

Another  important  factor  is  the  edge  noise  phenomenon,  which  is  found  to 
exert  considerable  Influence  in  raising  the  shielded  spectrum  level, 
especially  in  the  low-and  mid-frequency  region. 

Exact  theoretical  solutions  or,  alternati vely,  chart  solutions  that  com¬ 
bine  theoretical  approximation  with  field  experience  on  diffraction  by 
simple  configurations  (such  as  a  point  source  and  a  semi-inf inite 
screen),  are  available  in  the  literature*  However,  it  is  still  desirable 
to  measure  the  insertion  loss  of  point  sources  experimentally  in  orde  to 
provide  some  experimental  vertif ications.  Furthermore,  the  measured 
point  source  shielding  results  can  provide  a  basis  for  entailing  and 
adaptation  of  existing  theory  to  deal  with  non-simple  shield  shapes.  In 
addition  one  can  assess  the  effect  of  extra  'hidden'  variables,  these 
are  especially  Important  when  the  source  of  sound  lies  at  a  distance  from 
the  screen  that  is  most  typical  for  aeroacoustic  applications.  Thus 
experiments  have  been  performed  herein  to  determine  the  shielding  of 
point  sources  as  function  of  frequency  and  position  along  the  jet  axis. 


The  experimental  arrangement  consists  of  the  UT I  AS  point  source  (fig. 
6.1)  (originally  developed  for  refraction  studies  (Ref.  3))  placed  at 
selected  stations  along  the  jet  axis,  ihe  driver  of  the  point  source  is 
enclosed  in  a  cylindrical  container  designed  to  suppress  stray  sound.  The 
only  acoustic  path  is  a  0.33  cm  inside  diameter  hypodermic  tubing 
protruding  from  the  unit  (Fig.  6-3).  The  ratio  of  the  tube  diameter  to 
wavelengths  (highest  «  0.15  for  16  kHz)  indicates  that  a  nearly  omni¬ 
directional  pattern  is  present  for  all  frequencies  of  interest.  The 
symmetry  of  the  sound  field  produced  by  the  point  source  was  confirmed  by 
sweeping  a  microphone  in  a  circular  arc  in  the  horizontal  plane  of  the  jet 
axis.  In  the  absence  of  flow  the  source  radiates  an  omnidirectional  sound 
field  pattern  as  anticipated.  The  attenuation  due  to  normal  spherical 
spreading  from  the  source  was  also  measured  in  the  anechoic  room.  This 
attenuation  shows  good  agreement  with  the  inverse  square  law. 

Measurements  of  the  insertion  loss  of  a  rectangular  shield  placed  at  3  0 
from  the  jet  axis  have  been  performed.  The  omnidirectional  piont  source 
is  driven  by  a  broad  band  random  noise  generator.  The  insertion  loss  of 
the  shield  is  determined  by  measuring  the  cross  spectrum  of  the  input  to 
the  point  source  and  the  received  microphone  signal  (Fig.  6-3). 
Interference  effects  of  the  sound  field  radioing  frcw  the  two  edges  of 
the  finite  shield  can  be  inferred  fron  the  'hills  and  valleys'  of  the 
measured  shielding  of  the  point  sound  source  (see  Fig.  6-6  or  7-31).  The  inter¬ 
ference  phenomenon  is  also  confirmed  by  performing  the  measurements  via 


the  technique  of  signal  averaging  (Fig.  6*4  }.  Here  a  pulse  train  is 
used  as  input  to  the  point  source.  The  signal  is  phase  averaged 
(successive  repetitions  of  the  received  signal  are  sunned)  so  that  these 
periodic  signals  add  coherently,  whilst  or  any  random  backgound  noise  is 
averaged  to  a  small  value.  This  technique  enhances  the  signal-to-noise 
ratios  roughly  proportional  to  the  square  root  of  the  number  of  repeti¬ 
tions  N  of  the  signal.  This  means  a  signal-to-noise  improvement  of 
20  log  10  log  N  . 

The  phase  averaged  output  signal  indicates  multiple  transmission  paths 
exist  (Fig.  6-5  ).  The  signals  going  around  the  two  edges  of  the 
shield  are  identified  on  the  basis  of  transit  time.  With  the  barrier 
inserted,  the  diffracted  signal  arrives  at  a  later  time  than  the  direct 
wave,  and  is  greatly  reduced  in  amplitude.  The  mismatch  in  wave  shape  of 
the  phase  averaged  signals  supports  the  multiple  transmission  path  fdea. 
A  simple  argument  based  on  the  path  difference  between  the  signal  coming 
from  the  two  edges  appears  to  account  for  the  observed  pattern 
(Fig.  6-6).  The  interference  pattern  is  eliminated  when  one  of  the  edges 
of  the  shield  is  extended  sufficiently  to  approximate  a  single-edged 
semi-infinite  plane.  Inside  an  anechoic  chamber  this  experimental 
arrangement  is  seen  to  be  satisfactory  for  the  condition  of  a  seal- 
infinite  screen  in  a  free  field. 

In  principle,  the  pulse  technique  used  for  identif icatlon  of  an  inter¬ 
ference  effect  can  also  be  used  to  determine  the  insertion  loss  of  the 
screen.  The  phase  averaged  pulse  signal  and  its  power  spectrum  can  be 
estimated  directly  by  a  fast  Fourier  transform  computer.  Hence  the 
transmission  loss  as  a  function  of  frequency  can  be  determined  from  the 


difference  in  the  levels  of  the  shielded  and  unshielded  spectra.  This 
method  can  be  useful  for  evaluating  the  performance  of  a  barrier  In  noisy 
interfering  environments  such  as  along  roadways,  where  a  relatively 
steady  random  background  traffic  noise  is  present.  The  phase  averaging 
tends  to  average  out  the  background  noise. 

This  pulse  technique  for  insertion  loss  measurement  was  applied  herein 
to  the  measurement  of  the  insertion  loss  of  shields.  It  was  found  to 
yield  poor  results.  This  was  in  part  due  to  the  sensitivity  of  the 
discrete  Fourier  transform  to  small  perturbations  in  a  'single  time 
record'  (obtained  by  phase- averaging) .  In  addition  the  sound  pressure 
level  of  the  pulse  obtained  from  the  point  source  was  rather  low.  Thi* 
low  signal  strength  is  an  inherent  weakness  of  the  'point  source1 
generator.  Attempts  at  obtaining  a  stronger  signal  by  overdriving  tend 
to  cause  failure  of  the  horn  driver. 

Before  attempting  to  apply  the  results  from  cross  spectral  measuraaents, 
(using  broadband  noise  input)  to  synthesije  the  jet  source  shielding 
from  the  shielding  of  point  sources,  the  insertion  loss  was  also  measured 
using  other  measurement  techniques.  This  is  useful  for  comparison  pur¬ 
poses  and  provides  cross  checks. 
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The  main  alternate  technique  Icf.  Fig.  6-3  )  was  comparison  of  time 
average  power  spectra  with  and  without  shield.  First,  a  pure  tone  input 
to  the  point  source  was  used.  Within  the  shadow  zone  of  the  barrier  the 
sound  field  was  found  to  be  characterized  by  a  series  of  peaks  and 
troughs:  this  indicates  the  presence  of  interference  effects.  This  is  a 
considerable  departure  from  the  prediction  of  the  theory  of  diffraction 
by  a  half  plane  where  a  monotonic  function  is  predicted  (Fig.  6-7  ).  In 
each  case  the  calculated  curve  is  arbitrarily  shifted  to  envelop  the 
measured  curve.  The  irregular  pattern  is  also  found  at  microphone 
positions  close  to  the  shield. 

A  warbled  tone  Input  was  used  as  an  alternative.  However,  the  bandwidth 
of  the  warbled  tone  input  is  still  narrow  enough  for  distinct  inter¬ 
ference  fringes  to  he  formed,  although  the  amplitude  of  the  structure  is 
reduced.  A  comparison  with  theoretical  prediction  is  shown  in 
(Fig.  6-8  ). 

Finally,  1/3  octave  band  noise  was  used  as  an  Input,  still  comparing 
time-average  power  spectra.  Results  from  these  runs  are  in  good  agree¬ 
ment  with  the  data  from  cross  spectral  measurements,  and  also  with  theory 
(Fig.  6-9  )•  A  detailed  discussion  of  these  results  In  comparison  with 
theoretical  predictions  is  presented  in  section  7.5. 


In  summary,  several 
insertion  loss  of  a 


measuring  techniques  were  explored  to  determine  the 
semi-infinite  half  plane  shield: 


A. 


Signal  Processing  Scheme 

Signal 

Time-average  power 
spectrum  (Fig.  6-3  ) 

(1) 

pure  tone 

Cross-spectrum  (  Fig.  6-3  ) 

(2) 

warble  tone 

Phase-averaging  .  F.F.T. 

(  Fig.  6-4  ) 

(3) 

1/3  octave 

(4) 

broadband 

(5) 

pulse  train 

random  noise 


Techniques 


A  ♦  (1);  A  ♦  (2);  A  ♦  (3);  B  ♦  (4);  C  ♦  (5). 


Insertion  loss  measurements  using  signals  such  as  pure  tones  or  warbled 
tones  (A  ♦  (1)  or  A  ♦  (2))  appear  to  suffer  from  interference  effects. 
The  pulsed  signal  in  combination  with  signal  averaging  (C  ♦  (5))  is 
useful  in  identification  of  the  relevant  signal  paths.  1/3  octave  band 
noise  source  (A  ♦  (3))  and  cross  spectrum  measurements  with  random  noise 
input  (B  ♦  (4))  appear  to  be  the  most  suitable  for  insertion  loss  mea¬ 
surements. 
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The  point  source  measurements  discussed  above  were  performed  without  jet 
flow.  One  argument  for  this  simplification  Is  that  sound  refraction 
effects  within  the  jet  manifest  themselves  in  a  small  cone  (the  'cone  of 
silence').  This  cone  half  angle  is  about  20  degrees  for  a  cold  jet. 
This  also  corresponds  roughly  to  the  threshold  of  closest  approach.  Thus 
the  diffraction  should  remain  relatively  unaffected  by  refraction 
effects  produced  by  the  jet  flow.  Hopefully,  scattering  and  'line 
broading'  by  turbulence  will  also  be  small.  The  validity  of  this  notion 
that  jet  flow  has  relatively  small  effect  was  tested  in  an  experiment 
described  below. 

The  sound  generated  by  the  turbulent  flow  must  travel  through  turbulence 
before  reaching  the  microphone,  especially  at  small  angles  to  the  jet 
axis  where  the  sound  generated  must  travel  a  long  path  (e.g.  several 
wave-lengths  for  frequencies  >8  kHz).  Thus  to  assess  the  effects  of 
turbulence,  small  angles  are  preferred. 

To  determine  the  overall  effect  of  the  acoustic/flow  interaction,  the 
point  source  was  placed  in  the  Jet  flow  field  and  the  results  were 
compared  with  the  no  flow  case  (cf.  Fig-  6-3  ,  with  the  octave  filter 
connected  instead  of  band  pass  filter).  Measurements  (Fig.  6-10)  show 
that  the  turbulent  flow  does  not  have  a  major  effect  on  the  insertion 
loss  characteristics  determined  from  the  no  flaw  case. 


6.3  Synthesis  of  jet  Hoise  Shielding  from  the  Shielding  of  Point  Sources 

To  synthesize  the  jet  noise  shielding  from  the  shielding  of  point 
sources,  the  distribution  of  Intensity  and  frequency  of  the  effective 
sound  sources  along  the  jet  axis  must  be  known  or  estimated.  The  data  used 
herein  was  obtained  from  Grosche’s  measurements  (Ref.  19  );  he  used  an 
acoustic  mirror -microphone  to  deduce  the  source  strength  distribution 
along  the  jet  centerline. 

A  universal  curve  of  axial  source  intensity  distribution  for  any  given 
frequency  is  shown  in  Fig.(  6-11  ).  The  peak  normalized  source 

distribution  is  taken  to  be  (Ref.  42  ). 

0«,.  2T] 

with  X0  .  X0  (St) 

-  X0(fD/U) 

and  e  =  base  of  natural  logarithms 

The  location  XQ  of  the  peak  Intensity  'Q‘  as  function  of  Strouhal 
number  (fD/U)  Is  shown  In  Fig.  (  6-12  )  (Ref.  *0  ).  The  values  as 
Indicated  by  the  graph  are  very  close  to  the  ones  given  in  Ref.  (  42  ) 
where  Eq.  (  6.3-1)  was  obtained. 
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The  source  strength  distribution  and  the  measured  Insertion  loss  data 
are  used  to  estimate  the  effective  overall  shielding  at  each  freauency. 
As  is  shown  in  section  (  7.5  ),  the  point  source  measurement  results  are 
in  good  agreement  with  those  of  the  exact  solution  for  diffraction  by  a 
semi -infinite  plane.  Hence,  for  frequencies  of  interest  that  lie  even 
outside  the  measurement  range  performed,  the  analytical  solution  for 
insertion  loss  for  those  particular  frequencies  can  be  considered  valid. 

Since  the  jet  noise  is  not  radiated  equally  in  all  directions,  the 
incident  sound  intensity  appropriate  to  the  direction  at  which  it  leaves  the 
source  Defore  diffraction  by  the  edge  must  be  determined  first.  From  the 
geometry  of  Shielding  configurations  tested  experimental ly,  the  effect¬ 
ive  incident  angle  of  the  waves  diffracted  past  a  shield  edge  varies  from 
10°  to  35°  from  the  jet  axis,  depending  on  the  shield  length.  However, 
spectral  measurement  at  angles  less  than  25°  cannot  be  performed,  since 
this  region  Is  well  within  the  jet  flow  field.  Thus,  the  basic  jet  noise 
spectrum  at  30°  (i.e.  referred  to  as  the  effective  emission  angle  1 0e *  of 
the  jet  sources  before  diffraction).  Is  used  as  the  baseline  data  for 
computing  the  expected  jet  noise  attenuation.  This  assumption  Is  also 
justified  by  the  fact  that  the  far  field  spectrum  levels  at  0  «  30°  are 
larger  than  those  found  at  angles  away  from  this  peak  direction.  In 
addition  the  peak  frequency  at  30°  Is  also  lower,  which  contributes  more 
to  the  diffracted  field.  The  above  consideration  points  out  another 
effect  due  to  the  directivity  of  the  Jet  noise:  the  shielded  spectrum 
will  show  an  apparent  low  frequency  augmentation  in  addition  to  the  edge 
interference  noise  if  the  observer  is  at  a  position  such  that  0>8e. 


With  the  assumed  source  strength  distripution  (Eq.  6-3  -  1  )  and  the 
measured  insertion  loss  data,  the  effective  overall  shielding  of  a  jet  is 
computed  for  three  observer  angles  (40°,  60°,  and  90°)  ;fig.  6-131.  In 
all  cases,  the  baseline  data  is  the  unshielded  jet  spectrum  correspond- 
ing  to  9  =  30°.  Two  methods  were  used  to  implement  the  engineering  approach. 
The  results  indicated  by  dots  give  the  expected  attenuation  achieved  by 
applying  the  point  source  insertion  loss  to  the  extended  source  distri¬ 
bution,  Eq.  (  6.3  -  L  ) .  The  total  attenuation  is  calculated  by  suwning  the 
source  contributions  in  small  steps  along  the  jet  axis  (c.f .  Appendix  D) . 
The  squares  give  the  results  computed  by  using  the  same  point  source 
data  (fitted  well  by  later  Eq.  (  7.3  -  4  ))  with  the  extended  line  source 
distribution  shrunk,  at  each  frequency,  to  a  point;  this  point  is  located 
according  to  Fig.  6-12.  Surpris ingly,  the  much  more  approximate 
simplistic  approach  (squares),  appears  to  agree  much  better  with  the 
measurements  than  the  ‘rigorous’  approach  (dotsl. 


6.4  Extraction  of  Edge  Effect 

An  attempt  Is  made  here  to  quantify  the  extent  of  influence  of  edge 
interference  noise  to  the  shielded  jet  noise  spectrum.  As  explained  in 
previous  sections,  this  additional  edge-induced  noise  can  be  attributed 
to  a  distribution  of  acoustics  dipoles  along  the  trailing  edge  of  the 
shield.  For  a  given  flow  velocity,  the  edge  noise  depends  on  the  dis¬ 
tance  between  the  jet  axis  and  the  shield.  It  has  shown  experimentally 
that  this  additional  sound  weakens  as  the  shield-jet  separation  is 
increased. 

Due  to  the  dipole  characteristic  of  the  edge  noise,  the  angular  dis¬ 
tribution  of  the  sound  field  of  the  edge  noise  has  a  pattern  with  zero 
intensity  in  the  direction  of  the  jet  axis,  and  maximum  at  90°.  In  this 
investigation,  an  evaluation  of  the  Interference  noise  was  made  at  an 
angle  of  90°  with  respect  to  the  jet  axis.  At  this  angle,  the  edge- 
induced  Interference  noise  should  be  strongest. 

The  amount  of  shielding  obtained  by  placing  a  barrier  between  the 
observer  and  the  source  depends  on  frequency  and  the  respective 
positions  of  the  source,  receiver,  and  shield.  Furthermore,1t  is  pointed 
out  in  section  7.6.1  that  the  exact  solution  for  diffraction  by  a  half 
plane  depends  on  four  parameters,  namely  the  Fresnel  number  N,  distance 
from  source  to  receiver  kR,  angle  of  source  ray  to  edge  0Q,  and  the 
diffraction  angte  e-0o  (Fig.  7-»  ).  Thus  identical  shielding  can  be 
achieved  for  certain  differing  shielding  geometries  if  these  four  par¬ 
ameters  are  identical.  A  possible  shielding  conf iguration  is 


Illustrated  in  Fig. (  6-14  )  by  which  identical  attenuation  can  be 
realized.  Here  both  the  source  and  receiver  position  are  fixed, 
therefore  kR  1$  held  constant.  To  maintain  the  Fresnel  number,  it  Is 
required  that  'c+d*  be  kept  constant  (Fig.  6-!«  >.  One  can  easily  see 
that  the  plane  curve  traced  out  by  the  tip  of  the  barrier  must  lie  on  an 
ellipse  with  the  nozzle  and  the  microphone  at  the  foci.  However,  a 
barrier  edge  which  extends  to  any  point  along  the  ellipse  will  hot  result 
in  identical  shielding  as  0O  and  9  will  vary.  But  9Q  and  0  are  inter¬ 
changeable  according  to  mirror  image  reciprocity.  Thus  a  total  equival¬ 
ence  of  gecreetry  A  and  B  (Fig.  6-14  )  is  possible  as  far  as  point  source 
shielding  is  concerned. 

The  validity  of  the  above  was  examined  with  a  point  source.  This  was 
carried  out  with  the  point  source  placed  at  8  0  from  the  edge  and  a 
separation  of  12  D  from  the  shield  (i.e.  a«12  0)  for  both  geometry  A  and 
B  (Fig.  6-14  ).  Results  show  no  difference  in  the  measured  attenuation  In 
both  cases. 

Based  on  the  above  reasoning,  one  can  argue  that  for  certain  shielding 
configurations  if  the  Jet-shield  separation  is  increased  while  the  four 
parameters  are  kept  constant  with  respect  to  the  nozzle  and  the  micro¬ 
phone,  one  should  realize  a  sifcMar  insertion  loss  with  considerable 
reduction  (  or  complete  elimination  )  of  the  edge  noise.  An  approximate 
scheme  for  extracting  the  edge  noise  is  to  place  the  barrier  near  the 
microphone  at  a  distance  identical  to  the  original  nozzle-shield  sepa¬ 
ration.  The  additional  edge  noise  introduced  when  the  shield  is  placed 


close  to  the  flow  (geometry  A)  can  be  quantified  in  term  of  A  dB  by 
subtracting  the  corresponding  measurements  made  with  the  shield  far 
away  from  the  flow  (geometry  B).  The  difference  should  be  expected  to 
yield  a  somewhat  quantitative  description  of  the  jet-shield  interaction 
noise . 

There  are  two  main  sources  of  error  associated  with  the  'two  shield- 
position'  scheme.  First,  the  jet  sources  are  not  all  located  at  the 
nozzle  exit,  but  are  extended  along  the  jet  axis  (  at  least  out  to  15  -  20 
D  ).  Thus  the  lower  frequency  sources  further  downstream  have  larger 
Fresnel  number  N  (greater  attenuation)  for  geometry  B  than  geometry  A. 
This  implies  that  part  of  the  difference  power  spectrum  AdBft  g  at  low 
frequency  is  not  edge  noise,  but  is  due  to  lower  contribution  of  low 
frequency  jet  noise  to  the  shielded  spectrum  for  geometry  B.  This  effect 
tends  to  exaggerate  apparent  low  frequency  edge  noise.  Another  source  of 
error  is  attributable  to  the  pronounced  directivity  of  the  jet  noise 
pattern.  Thus,  the  incident  wave  front  that  is  diffracted  by  the  shield 
is  different  for  the  two  geometries  considered.  The  two-shield-position 
scheme  assumes,  on  the  other  hand,  that  the  sources  are  omnidirectional 
(monopoles).  As  the  jet-shield  separation  increases,  the  effective 
emission  angle  corresponding  to  the  wavefront  being  diffracted  by  the 
shield  also  increases,  hence  the  proportion  of  the  high  frequency  noise 
contributing  to  the  far  field  spectra  increases.  This  leads  to  a 
spurious  high  frequency  contribution  to  the  resultant  'difference'  curve 
for  edge  noise. 


From  the  above  considerations,  one  notes  that  the  present  two-shield- 
position  scheme  yields  error  at  both  low  and  high  frequency.  The  spatial 
distribution  of  the  noise  source  yields  error  at  low  frequency,  and  the 
directivity  factor  yields  error  at  high  frequency.  It  appears  that  no 
part  of  the  'edge  noise'  curve  so  deduced  is  free  of  error.  However,  it 
is  quite  clear  from  our  experimental  result  (see  for  example.  Fig. 2-7) 
that  the  interference,  or  edge  noise,  effect  is  dominant  at  the  point 
where  the  shielded  spectrum  crosses  above  the  unshielded  basic  jet 
spectrum.  For  any  configuration  where  sufficient  edge  noise  is  intro¬ 
duced,  such  as  the  case  when  the  shield  penetrates  the  cone  of  threshold 
interference,  the  edge  noise  augmentation  is  greater  than  15  dB  for 
frequencies  below  700  Hz.  Thus  it  is  anticipated  that  the  inherent  error 
of  the  scheme  may  have  small  effect  in  the  frequency  range  of  interest 
(i.e.  frequencies  that  lies  below  the  crossover  point)  where  the  edge 
noise  is  most  significant.  For  this  reason  it  may  be  possible  to  extract 
the  edge  noise  semi-quantitati vely. 

Figure  6- lb  is  a  plot  of  the  difference  in  spectrum  level  corresponding 
to  the  cases  when  the  jet-shield  and  shield-microphone  separations  are 
identical.  Positive  AdB  values  indicated  are  attributed  to  an  augmented 
spectrum  level  due  to  edge  noise.  As  the  jet-shield  separation 
increases,  the  augmentation  level  decreases  considerably.  At  a  separat¬ 
ion  of  9  0  (i.e.  a  =  9  0  of  f  ig.  e- 14  ) ,  the  augmented  level  is  reduced  to 
a  negligible  amount  (  fig.6-i5C  ).  The  apparent  residue  excess  level 
existing  at  the  high  freqi  cy  end  is  spurious;  it  is  attributable 
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primarily  to  the  associated  directivity  of  the  jet  noise  pattern.  This 
excess  level  indicated  by  the  A  dB  curve  at  the  high  frequency  end 
increases  as  the  jet-shield  separation  increases. 

It  is  possible  to  use  the  extracted  edge  noise  spectrum  (  Fig.  e-15  )  to 
quantify  the  extent  of  influence  of  the  edge  Interference  noise.  In  other 
words,  to  predict  the  augmentation  level.  One  can  first  estimate  the 
shielding  attainable  for  a  particular  frequency  component  from  its  most 
probable  source  location  (  Fig.  8-»a  )  and  the  corresponding  Fresnel 
number.  Here,  the  baseline  data  is  the  unshielded  Jet  spectrum  at  B  • 
30°.  The  difference  spectrum  (Fig.  8-15),  "hlch  reflects  the  amount  of 
augmentation,  can  then  be  added  to  the  shielded  level  as  estimated  from 
above  to  give  the  resulant  level  that  combines  shielding  and  inter¬ 
ference  effects.  For  example,  the  expected  attenuation  at  about  1  kHz  Is 
11  dB.  At  this  frequency,  the  expected  augmentation  level  due  to  inter¬ 
ference  (Fig. 8-188)  is  about  15  dB.  Hence  the  total  effect  corresponds 
to  an  increase  of  4  dB  above  the  shielded  level.  This  agrees  reasonably 
well  with  the  shielded  spectrum  measured  at  90  degree  (Fig.  8-18  )• 


7.1  Classical  Diffraction  Theory 

Analytical  solutions  for  the  total  sound  field  due  to  a  collection  of 
sound  sources  opposed  by  shielding  configurations  are  discussed  below. 

The  diffraction  of  waves  around  obstacles  is  traditionally  one  of  the 
more  challenging  analytical  problems  in  classical  physics.  Even  today 
exact  solutions  for  bodies  other  than  the  simple  geometric  shapes 
(spheres, cylinders,  etc)  are  yet  to  be  found.  Thus  many  practical 
problems  are  treated  with  approximate  methods.  The  diffraction  problem 
arose  In  the  discipline  of  optics.  Since  then  applications  have  extended 
to  areas  such  as  electromagnetic  wave  propagation  and  acoustics.  The 
following  discussion  centers  on  aspects  central  to  several  diffraction 
theories  permitting  solutions  to  some  of  the  body  shapes  studied 
experimentally. 

Diffraction  theory  deals  mainly  with  perturbations  In  the  shMkw  region 
of  an  obstacle  that  has  blocked  portions  of  the  advancing  wavefront.  The 
perturbations  can  be  regarded  as  an  interference  between  the  Incident 
wave  field,  treated  as  though  the  obstacle  were  Absent,  and  a  'scattered1 
wave  field  due  to  the  obstacle.  The  precise  nature  of  the  diffracted 
field  Is  governed  by  the  reaction  of  the  physical  boundaries.  A  little 
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thought  will  show  that  the  reaction  at  each  point  on  the  surface  will 
influence  all  the  other  points  on  the  surface.  It  is  this  feature  which 
leads  to  many  difficulties,  both  analytical  as  well  as  numerical. 


with  herein,  z  «  00.  The  radiation  condition  ensures  the 

solution  consists  solely  of  outgoing  waves. 


The  relatively  few  known  analytical  solutions  arise  from  tractable 
boundary  conditions  as  would  be  imposed  by  rigid  bodies  such  as  half 
planes,  discs,  spheres,  circular  cylinders,  and  wedges  (Ref.  43  ).  For 
these  geometries  the  solution  of  the  scalar  wave  equation  Is  solved  via 
the  method  of  separation  of  variables.  Thus  the  scattered  field  is 
expressed  in  terms  of  eigenfunctions.  These  idealized  problems  are 
often  used  in  development  and  testing  of  numerical  solution  describing 
sound  diffraction  from  complex  shapes. 

The  classical  theory  of  the  diffraction  of  sound  builds  on  the 
inhomogeneous  wave  equation 


where  g(R,t)  represents  a  spatial  distribution  of  sound  sources.  The 
wave  function  ^  can  be  either  acoustic  pressure  *p'  or  velocity 
potential  The  wave  equation  governs  the  incident  and  diffracted 
sound  fields,  subject  to  certain  boundary  conditions,  as  well  as  the 
radiation  condition.  The  boundary  conditions  specify  normal  acoustic 
impedance  z  of  the  barrier  (the  generally  complex  ratio  of  the  pressure 
to  the  normal  acoustic  velocity);  for  the  perfect  reflectors  dealt 


Let  V  be  the  volume  between  arbitrary  surfaces  S  and  S2  (Fig. 7-1*).  The 
general  solution  to  the  field  function  *  at  the  field  point  R  is  given  as 
(Ref. 44  ). 


£***&)* 


where  B/?n  denotes  differentiation  in  the  direction  of  tne  outward 
normal  to  the  surface  5  and  [  J  denotes  the  retarded  time  t-  |s-R0|  /cQ. 
This  result  is  the  well  xnown  Kirchhoff  integral.  The  volume  integral 
represents  contribution  due  to  sources  within  th<*  volume  V.  Th*  surface 
integral  accounts  for  all  disturbances  due  to  sources  outside  Y  ^nterinq 
the  surfaces  S,  (e.g.,  those  within  VQ). 

It  is  usually  desirable  to  express  an  arbitrary  time  function  +  (B,t)  in 
terms  of  its  Fourier  frequency  components.  By  doing  this,  one  can 
simplify  the  problem  greatly  by  considering  each  frequency  component 
separately;  the  results  may  then  be  summed  (integrated)  to  give  the 
complete  solution  for  ^(R,t).  This  amounts  to  assuming  a  harmonic  time 
dependence  e1"1,  from  which  the  velocity  potential  ♦  may  be  written  as  a 
product  of  a  space  factor  and  a  harmonic  time  factor 

§_(Kt)=  <t>(R)£0t  17 ‘'3’ 
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On  specializing  the  for®  4*  of  (  7.1-3  ),  the  wave  equation  {  7.1-1 )  for 
a  source  free  region  (g-0)  reduces  to  an  equation  for  »  : 


V1  <f>  +  k'<f>  -  O 


(T.j-4) 


where  k  *  w  /c^,  This  is  the  well-known  Helmholtz  equation.  Equation 
(  7.1-2  ),  when  specialized  to  harmonic  time  dependence,  is  sometimes 
referred  to  as  the  Helmholtz  Integral  (not  to  be  confused  with  Helmholtz 
equation  (  7.1-4  )).  This  integral  provides  a  method  for  solving 
harmonic  field  problems  where  the  source  function  and  a  prescribed  set  of 
boundary  conditions  are  known.  In  diffraction  problems  the  Helmholtz 
Integral  states  that  If  some  physical  property  of  a  sound  field  such  as 
the  velocity  potential  satisfies  the  Helmholtz  equation  in  a  region  V, 
except  possibly  at  the  sources,  then  the  potential  at  a  point  P  can  be 
expressed  In  terms  of  an  Integral  evaluated  over  a  closed  surface  S  that 
either  surrounds  or  excludes  the  field  point  p  (Fig.  7.1  a,  b  ). 


With  the  specified  harmonic  time  dependence  Introduced  Into  (  7.1-2  ),  it 
takes  the  form 


■Pip)  -  jf-"'’  -  <;«,>  4$ 

*  (f.l-8) 

where  G(P,q)  Is  the  free  space  Green's  function 


G(P.f) 


- ik  /«-£/ 

e. _ 

iriR-t  i 


ano  denotes  differentiation  along  the  outward  normal  to  the 

Surface  S  at  point  q  (F,g.  7-la  ).  The  above  equation  is  the  Helmholtz 
integral . 


Usually  the  surface  S?  is  arbitrary;  thus  one  can  treat  it  as  a  mathemat¬ 
ical  surface  which  is  displaced  to  Infinity.  The  corresponding  surface 
Integral  represents  contributions  from  Inward-travelling  waves  due  to 
sources  at  infinity.  One  imposes  the  Sonmierfeld  radiation  condition  to 


ensure  that  the  field  consists  of  outgoing  wave  only  at  infinity;  this 
takes  the  form 

I  <PR\  <  C 


4ncl 


1  W 


45  R- 


(T  1-8) 


It  can  be  shown  that  when  (7.i-8)  ,s  satlsf  1ed,the  contribution  to  the 
integral  over  S2  will  tend  to  zero  as  the  surface  is  displaced  to 
infinity.  An  additional  support  of  tie  above  criterion  is  that  if  the 
surface  Integral  over  S2  Is  not  zero,  the  field  potential  at  any  point 
within  v  Is  not  uniquely  determined  by  the  boundary  value  over  the 
surface  S  alone  (Fig.  7-J  a  ). 


From  a  mathematical  point  of  view  the  first  term  of  Eg.(7.1-»)  is  the 
particular  Integral  of  the  Inhomogeneous  wave  equation  due  to  the  direct 
effect  at  P  of  the  sources  within  V.  The  second  term  (where Jf$  .  o) 
represents  the  effect  of  the  acoustic  disturbances  -  fron  simple 
source/or  whatever  -  originating  within  ,f  V0  contains  an  obstacle 
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-  nothing  else  -  these  disturbances  will  be  those  scattered  or  diffracted 
from  the  obstacle.  In  the  practical  application  the  surface  S  is  made  to 
shrink  down  until  it  coincides  with  the  surface  of  the  obstacle. 

Equation  7.1-8  is  the  basis  for  diffraction  calculations.  This  formula 
is  exact  and  the  acoustic  potential  at  any  point  in  the  appropriate 
region  as  specified  by  the  formula  can  be  determined  If  both  *  and 
db/dn  are  known  at  every  point  on  the  boundary.  These  values  are 
not  known  unless  we  have  already  solved  the  problem,  for  applications  to 
obstacles  only  the  normal  derivative  Is  usually  known  directly  from  the 
boundary  condition  {for  a  rigid  surface  dm/dfl  -  0).  Therefore,  the 
value  of  the  potential  on  the  boundary  surface  S  must  be  determined.  In 
effect,  this  requires  the  solution  to  an  integral  equation  (see  later). 
Usually,  ^  Is  taken  to  refer  to  a  single  point  source,  not  a  volume 
Integral.  Alternatively,  It  refers  to  a  plane  wave  field. 

The  solution  to  the  integral  equation  (solved  either  analytically  or 
numerically)  gives  the  required  distribution  of  normal  velocity,  , 

or,  alternatively,  f,  induced  on  the  surface.  Although  diffraction  of  an 
incoming  wave  by  obstacle  is  a  boundary  value  problem,  the  above  formul¬ 
ation  determines  an  equivalent  monopole  and/or  dipole  layer  on  the  sur¬ 
face  of  the  diffracting  object  such  that  the  external  field  is  the  same 


as  that  of  the  original  boundary  value  problem.  This  method  of  solution 
is  generally  known  as  the  integral  equation  method  (Refs.  45-481,  for 
obvious  reasons. 


The  usual  procedure  to  obtain  the  required  integral  equation  is  by  plac¬ 
ing  tne  field  point  P(R)  on  the  diffracting  surface  S.  On  taking  the 
limit  as  P—p,  where  p  is  a  point  on  the  surface,  one  finds  the  resulting 
integral  equation  for  the  unknown  surface  potential  to  be:  (Aopendi*  E  ) 

T  ’  *"•) +  -  61P.,, JS, 

*  ’  t 

<7.1-7) 

where  d/2w  denotes  differentiation  in  the  direction  of  the  outward 
normal  to  the  surface  S  and  p,  q  denote  variable  points  on  the  surface. 


An  alternative  integral  equation  that  holds  for  the  normal  derivative  of 
the  field  Potential  is  {  Refs.  47,49  ; 


J_  ?<P(pj 
2.  97),  9n, 


{ 7. 1-9 i 
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7.2  Exact  Solution  for  the  Semi-Inf inite  Barrier 


Eq$.(7.1  -  7)  and  (7.1  *  8)  are  integral  equations  for  the  limiting  value 
of  the  total  wave  field  potential  and  its  normal  derivative  as  the  field 
point  P  approaches  a  point  p  on  the  surface  along  the  external  normal  of 
S  directed  into  V  (l.e.  with  respect  to  the  internal  normal  for  the 
region  V)  (Fig.  7  -  la).  Eq.(7.1  -  7)  is  the  Fredholm  integral  equation 
of  the  second  kind  for  the  Dirlchlet  problem  (  +( p)  specified)  while 
Eq. (7-1  -  8)  applies  for  the  Neumann  problem  (  d*(p)/d7)  specified). 
The  integral  formulations  of  boundary  value  problems  have  the  attraction 
of  reducing  the  dimensionality  by  one,  and  in  principle  these  equations 
could  be  solved  numerically  by  quadrature,  given  sufficient  computer 
time  and  memory.  This  is  just  one  of  the  alternate  approaches  to 
diffraction  problems. 

Some  closed  form  solutions  are  available  for  special  cases  obtained  in 
different  fashions.  One  of  these  Is  diffraction  around  a  semi-infinite 
barrier,  which  approximates  situations  of  practical  interest.  This 
particular  case  is  presented  in  the  section  below. 


Analytical  solutions  for  the  diffraction  of  a  piano  acoustic  nave  by  an 
ideal! ted  seat-infinite  wedge  or  straight-edge  have  been  obtained  by  A. 
Sonmerfeld  (1B96J  (  Refs.  13.50  )  .  They  have  served  as  a  foundation 
for  great  aany  diffraction  studies.  H.s.  Carstaw  (Ref.  39)  obtained  an 
Integral  representation  of  the  diffracted  field  by  e  thin  half  plane  for 
a  spherical  incidental  wave  fra*  ,  point  s&irce  with  nr  ;  estrictlon  on 
source  location.  This  eaact  solution  will  be  discussed  here  In  order  to 
determine  the  validity  of  some  approv (mate  methods  employed  later  herein 
for  prediction  of  shielding  of  Jet  sources  by  certain  finite  barrier 
configurations. 

Let  *  Oe  the  total  velocity  potential  of  the  acoustic  wave  at  any  point 
in  the  sound  field;  It  must  satisfy  the  helmholti  eguation  and  the  rigid 
boundary  condition  d*/jh  -0  on  th*  shield  turf  ace.  ft*  expression  for 
the  total  velocity  potential  In  the  sound  field  due  to  a  point  source  jt 
(ro*®o**o^  ^'0*  7  ‘  ®  )  is  given  In  terms  of  contributions  free  a  real 
source  and  a  image  source  as  (  Refs.  aj.si  ’ 

-  1/(0.)  -h  U(-0.)  Irt-i) 

Potential  due  Potential  due 

to  real  source  to  image  source 

This  combination  of  source  and  Image  fields,  when  suitably  chosen, 
serves  to  cancel  dp/Afi  on  the  plate,  while  allowing  e  and  ,ag/amto  be 
continuous  beyond  the  plate  edge. 


The  potential  associated  with  each  source  in  Eq.  7.2-1  Is  composed  of  a 
direct  potential  *,  (due  to  an  unshielded  point  source}  and  a  scattered 
potential**  1>s  (due  to  the  shield),  nanely, 

l/(e.)  -  <f>.  (e.)  +  4>sie.)  n.2-20) 

If  (-&)  »  <t>i(-0.)  +  (7.2-2b) 


The  scattered  potential  »t  is  given  as  (Ref.  fti  ): 

*»■  f‘kf  j/LilffL  ,r 

mi  /  TV  2  k.  X 


(  7.2-S  ) 


•here  ">  .i./k(R-R) ,  r,±  for  cos(|* -^|/2)  £  0.  This  choice  results 
from  the  requirement  that  the  combined  potential  +  *  ^  f0r  both 
source  end  image  should  satisfy  *0  on  the  barrier,  with 

continuity  beyond  the  edge. 


The  rigorous  solution  for  the  potential  (Ref.  51)  Is  given  In  terras  of 
cylindrical  coordinates  (r,  0,  z)  whose  z  axis  coincides  with  the  plate  edge 
(fig.  7-2).  In  what  follows  a  harmonic  time  factor  is  to  be 

understood,  but  not  written  out.  Hence  the  unshielded  point  source 
potential  is  0^  -  e<kR/R.  An  appropriate  representation  of  this  incident 
wave  potential  is  In  terms  of  Hankel  functions  of  the  first  kind  (Refs. 
51,  52)  as: 


Using  Eqs.  (7.2-4)  and  (7.2-5)  ,  and  noting  that  the  argument  of  H\"is  an 
even  function  of  T  ,  the  two  potentials  is  combined  to  give: 

U(8.)  =  4>,  (0.)  +  4>s(t>.) 

.  JV.tr^Rl  dr 

-m  V  r’*  2kR 

Similarly  an  expression  can  be  obtained  for  u(-^ )  with  R  replaced  by  R'. 


<p.  -  SA.  J  Hi" (  kit  cosh/.  )  (7.2-3) 

An  alternate  formulation  will  later  be  more  convenient:  the  substitution 
cosh  m  ■  rVkR  ♦  1 


,**<ls  t0  ( „  ik  [  Hi  JT 

--  Vr V zkK 


{  7.2-4  ) 


The  'scattered'  field  includes  the  'diffracted’  field  (as  commonly 
defined)  plus  'shadow- forming'  fields;  see  later. 

SI 


Hence  the  total  velocity  potential  due  to  diffraction  is  given  by 


J Jjgy^Sldr  +  J  H  RB1 

-m  V  r**  2kR  l  'fr^TJk* 7~ 


dr 


<  7.2-7  ) 


■»-  ±  Jk(KrK)"  ;  1  FOH  cos  (o-e.  )/2  <0  l0lii 

»  ^  SHADOW  20Nt 

m'*  i  Vk(Ri'R,)  i  -  for  cos  (era.  )/2  ?  0 
R  *  lr2,r02*(l‘V2'Jrroco^#'#o)|,i 

R'  =  I  r2  .  r02  .  (z  -  zo)J  -  2rrocos(0  .  0Q)  | h 

R)  I <r  .  r0)2  •  (z  -  z/  I  s  =  I  R2  •  *rrocos2(« -  0Q)/2  J  11 
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The  integration  limit  J  rather  than  J  In  (  7.2-e)  represent  a  partial 

cancellation  between  4-  and  4  .  This  serves  to  block  out  the  source 

* 

and  image  fields  in  their  respective  shadow  zones  .  It  Is  common  to 
refer  to  the  remainder  after  cancellation  as  the  'diffracted*  field. 
With  this  reinterpretation  the  waves  In  regions  I, II, HI  of  figure 
{7.2b)  are  as  follows:  region  I:  direct  {incident),  reflected  and 
diffracted  waves;  region  II:  direct  and  diffracted  waves;  region  III: 
diffracted  waves  only. 

Returning  to  the  resultant  potential,  Eq.{7  2-7),  one  can  see  that  the 
lower  limit  of  integration  'm'  is  determined  by  the  shortest  diffracted 
path  over  the  edge  (this  is  In  the  form  of  Vk(R-R)  ^v/Fresnel  number  N  ). 
The  integral  may  be  regarded  as  consisting  of  a  superposition  of 
diffracted  waves  over  all  ray-paths  over  the  edge,  starting  with  this 
minimum  length  path. 

A  conclusion  applicable  to  the  general  case  can  be  drawn  from  the  limits 
of  integration  in  Eq. (7.2-7):  namely,  as  the  Fresnel  number  H  (see  above) 
increases,  the  total  diffracted  potential  decreases  re  the  free  field 
value.  Hence  one  would  expected  higher  attenuation  as  the  shadow  angle 
increases. 


See  earlier  footnote  re  "shadow  forming"  fields. 
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If  the  argument  of  Hj(1)  Is  large  enough.  i.e.r'*kR  •  kR.»l,  the  Hankel 
function 

Hl(1,(k«1)  ■  Jjlkllj)  ♦  J  NjIkRj) 

diminishes  in  magnitude  with  increasing  kRj  (i.e.  -kRj1*  ).  The  asymptotic 
expansion  of  the  Hankel  function  for  large  «  is  : 

-J.f, 


Taking  only  the  first  term. 


r  3;  . 

/S'  . 

=-]  j/  +  —  + 

LrxJ  j  sx. 

ut  x1  j 

&  fl'to  -  \JL  j  e‘*  e3' 


I  7.2-8  ) 


Substitution  for  the  Hankel  function  in  Eo.(t*-b)  by  the  expression  in 
Eq.(  7.2-8  )  and  Integrating  (  see  for  example  Ref.  63  )  gives  an 
approximate  expression  for  the  shield  potential.  It  fs  decomposed  into  a 
geometrical  field  and  a  diffracted  field  as  (  Ref.Be  ): 

<p  =  <P;  +  <  7.2.9  > 

JkK 


where 


<£.  =  7)  (V  +  e.~  0.)  - —  +  7)(v~e.-e)  —— 
K  “ 


=  Vil, 


•  0  ■  x<°0 
ikR 


e‘+  j  SQn{t+e.-e)  - -  F  ['Ike*,*)] 

<  yfkcUk) 

+  Sin  (  TT-9.-9)  — - f  Uft 1*7*)}  j 
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In  the  later  sections,  numerical  evaluations  of  both  Eqs.(  7  2-7)  and 
(7.2-e)  for  the  semi-infinite  shield  will  be  adapted  in  various  ways  so 
as  to  approximate  the  sound  attenuation  due  to  finite  shielding 
configurations. 


85 


7 . 3  Approximate  let-iods 

The  above  account  illustrates  that  a  considerable  effort  is  required,  if 
an  exact  solution  to  a  diffraction  problem  is  to  be  found.  It  is  an  accept¬ 
ed  rule  that  closed  form  solutions  (sther  than  pure  symbolic  ones)  are 
restricted  to  certain  basic  geometries  and  boundary  conditions.  For 
arbitrary  configurations,  numerical  solutions  are  a  possibility.  Tnese, 
however,  are  not  always  very  cost-effective.  An  alternate  approach 
would  be  via  an  asymptotic  tneory  of  diffraction:  tnat  is,  a  theory  which 
retains  much  of  the  underlying  physics,  but  discards  certain  features  so 
as  to  make  the  solution  more  tractable.  The  Kirchhoff  theory  of  dif¬ 
fraction  is  such  a  theory.  It  is  an  application  of  Helmholtz's  formu¬ 
lation  of  Huygen’s  principle  for  monochromatic  scalar  waves.  The  theory 
requires  a  certain  representat ive  function  of  a  sound  field  such  as  the 
velocity  potential  or  pressure  to  have  a  harmonic  time  dependence. 


The  Kirchhoff  theory  of  diffraction  involves  making  reasonable  assumpt¬ 
ions  about  the  unknown  quantities  ^  and  on  the  surfaces  of 
integration.  These  enable  the  integral  to  be  evaluated  directly.  The 
approximation  assumes  that  the  actual  field  on  the  s’de  of  the  surface 
that  is  visible  from  the  source  is  to  be  replaced  by  the  incident  field, 
and  by  zero  or.  the  shadowed  side.  This  neglects  the  effect  of 
diffraction  over  the  obstacle  and  ignores  any  mutual  interaction  between 
points  on  the  opposite  sides,  as  if  the  bright  side  of  the  diffracting 
surface  is  perfectly  absorbent.  Tnus  tne  assumption  is  . 


<p  «= 

4>c 

)<t> 

>  _  s 

P  n 

<p  * 

o 

/  —  —  m 
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o 
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In  this  way,  the  Kirchhoff  formula  can  he  written  as  {  c.f.  Fig.  7-la  ) 


= 


<P,m 


-ik/i-il 

e _ 

IX-K.I 


3A- 
3  n 


-  <*>< 


JLe _ , 


J  5 

(7.3-2) 


where  3 /2n.  denotes  differentiation  along  the  inward  normal  to  S.  The 
assumption  that  the  front  surface  of  the  diffracting  plane  is  perfectly 
absorbent  is  equivalent  to  neglecting  the  diffraction  effect  due  to  an 
image  source;  whereas  the  exact  solution  for  a  semi-infinite  straight¬ 
edge  (Eq.  7.2-7)  does  account  for  this  effect.  Further  consideration 
shows  that  the  boundary  conditions  given  in  Eq.  (7.3-1)  make  <f>  and 
^0/Pn  discontinuous  as  one  goes  around  the  edge  from  the  bright  zone 
into  the  shadow  zone.  Physically  these  quantities  should  be  continuous, 
hence  this  denotes  a  further  shortcoming. 


Comparisons  with  exact  theory  have  shown  that  this  scheme  works  best  if 
tne  wavelengtn  is  very  small  in  comparison  witn  the  typical  dimensions  of 
the  object,  as  encountered  in  optics,  in  contrast  most  physical  objects 
encountered  in  acoustics  are  not  small  compared  with  wavelength,  thus 
Kirchhoff's  method  must  be  applied  with  some  caution  if  it  is  to  provide 
a  useful  comparison  base  for  rigorous  diffraction  analysis.  Fig.(  7.3  ) 
shows  a  comparison  between  the  exact  and  Kirchhoff  solution.  It  is 
evident  that  considerable  discrepancy  exists  for  all  observer  points 
within  the  shadow  zone,  the  error  Increasing  as  one  goes  deeper  into  the 
shadow.  This  is  indeed  the  trend  shown  by  Pierce  in  Ref.(  56  ),  where 
the  Kirchhoff  approximation  is  justified  analytically  to  be  valid  only 
if  the  receiver  is  located  at  or  near  the  'diffraction  boundary  layer', 
i.e.  region  where  Fresnel  number  N  —  0.  This  approximation  Is 
expected  to  be  increasingly  less  valid  the  further  the  observer  Is 
from  the  edge  of  the  shadow  zone.  Although  the  Kirchhoff  theory 
does  have  a  rather  limited  range  of  validity.  It  is  a 


basis  for  development  of  approximate  theories.  For  laminar  obstacles, 
it  can  be  cast  into  a  particularly  simple  formalism  due  to  Rubinowicz. 
This  will  be  used  later  herein. 

An  alternative  method  for  deriving  approximate  solutions  of  diffraction 
problems  is  based  on  geometrical  acoustics.  Although  simple  ray  theory 
does  not  explain  diffraction  phenomena,  J.B.  Keller  has  proposed  an 
extension  of  geometrical  optics  which  accounts  for  diffraction 
(Ref.  57  ).  The  Initial  strength  of  the  diffracted  ray  leaving  the  edge 
is  determined  by  multiplying  the  field  of  the  incident  rays  by  an  appro¬ 
priate  diffraction  coefficient.  The  diffraction  coefficients  are  deter¬ 
mined  by  the  local  geometrical  and  physical  properties  in  the  immediate 
neighorhood  at  the  point  of  diffraction,  such  as  the  direction  of  incid¬ 
ence  and  diffraction,  the  wavelength,  and  the  geometrical  and  physical 
properties  of  the  media.  The  edge  diffracted  rays  are  also  found  to  obey 
a  certain  law  of  edge  diffraction,  relating  a  cone  of  a  diffracted  rays 
to  the  angle  the  incident  ray  makes  to  the  edge  at  the  point  of  diffrac¬ 
tion.  Keller  shows  that  this  approximate  solution  for  diffraction  is  the 
asymptotic  expansion  of  the  exact  solution  for  Fresnel  numbers  that  are 
Targe  compared  with  unity.  Keller’s  geometric  optic  approach  is, 
however,  not  very  useful  In  the  present  context:  the  usual  values  of  the 
Fresnel  numbers  encountered  in  acoustics  are  much  smaller  than  the 
values  attained  in  optics,  the  discipline  from  which  the  theory  has 
acquired  most  of  its  experimental  confirmation. 

For  simple  shapes,  there  are  numerous  engineering  prediction  schemes 
based  upon  asymptotic  or  approximate  solutions.  These  do  not  rely  on 


cumbersome  solutions,  instead  charts  and  monographs  are  employed 
(Refs.  58-61)  .  The  solutions  are  mostly  empirical  formulas  based  on 
theoretical  approximation  with  field  experience.  Often  explicit 
correction  factors  are  applied.  Such  methods  are  useful  for  a  quick  and 
convenient  estimate  of  barrier  performance. 


Keller  has  derived  an  asymptotic  solution  for  diffraction  of  spherical 
waves  by  semi-infinite  barrier  as  (  Ref.  61  ):  (  Fig. 7  -  4) 


a  Jr  = 
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Kurze  and  Anderson  in  Ref.  {  61  )  pointed  out  that  Eq.  (  7.3  -  3  )  does 
not  yield  the  correct  solution  for  the  case  when  the  Fresnel  number  N  is 
zero:  this  corresponds  to  the  case  when  the  source,  the  diffracting 
edge,  and  the  receiver  are  col l inear.  When  the  field  point  and  the 
source  point  is  sufficiently  far  away  from  the  plane  of  the  barrier,  the 
exact  value  of  the  insertion  loss  for  N  =  Q  is  5  d8.  The  following 
approximation  to  Eq.  (  7.3  -  3  ),  altered  by  the  5  d8  correction,  is 
given  by  Kurze  (  Ref.  61  )  as 


&J6  =  [io  loo  -  — V  — +  S'  )  J&  (7.3-4) 

1  °  •TSttT? 

Eq.  (  7.3  -  4  )  is  plotted  in  Fig.  {  7-5  )  and  is  in  good  agreement  with 
Maekawa's  measurements  for  N  >  l. 


7 .4  Rubinowicz’s  Line  Integral  Theory  of  Diffraction 

This  section  outlines  a  very  attractive  approach  in  which  the  diffract¬ 
ion  field  component  of  the  Kirchhoff  integral  is  transformed  into  a  line 
integral  along  the  edge  of  the  diffracting  body.  Rubinowicz's  diffract¬ 
ion  formula  is  (Ref.  13  ): 


cptp)  - 


,  re «  r.l f»JT> 

flT  J  f  r  t  F-f 


with  o(.  -  0  Or  1,  depending  on  whether  the  field  point  is  or  is  not  in 
the  geometrical  shadow;  /T  and  r  denote  vectors  from  the  source  and 
field  point  to  the  edge  element  dl,  respectively. 

The  above  formula  states  that  the  diffracted  field  potential  can  be 
regarded  as  being  generated  by  a  fictitious  line  of  acoustic  sources  placed 
on  the  rim  of  the  diffracting  body.  Although  this  formalism  also  suffers 
from  the  drawbacks  arising  from  the  Kirchhoff  approximation,  the  contour 
integral  provides  an  approximate  method  for  taking  the  effect  of  complex 
geometry  in  diffraction  into  account  (  For  example,  a  hyperbolic  cutout 
section  along  the  edge  of  a  flat  shield  ). 

The  transformation  of  the  Kirchhoff  integral  Eq.{  7.3-8)  from  an 
integral  over  the  area  of  the  surface  of  the  thin  barrier  to  a  line 
Integral  around  the  barrier  is  given  in  Refs.(  13  )  and  (50  ).  The 
approach  of  Ref  .(50  )  is  outlined  here  to  illustrate  the  formalism  with 
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the  aid  of  Fig.(7.ea  )•  The  illuminated  side  S£  of  the  abstacle  is 
separated  from  the  'dark'  side  S3  by  the  simple  closed  curve  r  .  Rays 
from  the  source  passing  through  points  of  r  and  beyond  define  a  kind  of 
cone.  Since  the  surface  SQ  that  encircles  the  source  is  arbitrary,  the 
value  of  associated  surface  integral  will  not  be  altered  if  the  surface 
is  deformed,  provided  that  the  observation  point  P  remains  outside. 
Here,  with  S2  kept  constant,  SQ  is  deformed  as  in  Fig.{?-eb)  such 
that  the  original  SQ  is  composed  of  two  open  surface  S4  and  S'^  with  I' 
as  their  rim.  Hence  one  gets 


Hence,  for  the  diffraction  geometry  of  Fig.  7.1 -a  .  the  Kirchhoff 
integral  can  be  expressed  as 


<P(p) 


where  oC  *  0  or  1  according  as  P  is  or  is  not  in  the  geometrical 
shadow.  The  effective  source  at  the  edge  is  of  monopole  type  and  its 
strength  is  determined  from  the  direct  path  from  the  source  to  the 
particular  element  of  the  diffracting  edge.  The  term 


Since  the  normals  to  S?  and  s!,  point  in  opposite  directions,  the 
contributions  to  the  surface  integral  over  these  portions  will  cancel. 

The  surface  integral  over  SQ  and  as  indicated  in  Eq.(  7.3-2)  is 
thus  reduced  to  an  integral  over  an  ‘arbitrary1  unclosed  surface  S^.  It 
also  follows  that  the  value  of  the  integral  does  not  depend  on  the  actual 
shape  of  the  open  surface,  but  only  on  the  form  of  the  rim  |‘  in  fact. 

It  has  been  shown  in  Ref,(  50  ,  p.74-79  )  that  the  surface  Integral  over 
an  unclosed  surface  can  be  transformed  into  a  line  integral  along  the  rim 
via  the  Maggi  transformation  : 

/  M  '*!*-*•>  /c  f  [£i'ekr?.(Ci4i) 

+rflr^-  J *  ~  W  ;*  /*-?.,  *’0 rf  7  r  rftr.f 

*  r  <T«. ,) 

where  9/<?«i  denotes  differentiation  along  the  inward  normal  to  S. 


r  ■  (f  xdh 
rf  +  e 

is  the  inclination  factor  of  the  edge  wave,  and  the  line  integral  is 
sometimes  interpreted  as  generating  a  'boundary  diffraction  wave'. 
Since  this  quantity  is  real,  the  edge  wave  has  the  same  phase  as  the 
direct  wave  that  travels  from  the  source  to  the  edge  before  being  diffr¬ 
acted  by  the  edge. 
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7.5  RESULTS  AND  DISCUSSION 


Semi -Inf inite  Configurations  (  Straight-Edged  Barrier  ) 

7.5.1  Comparison  of  Theory  and  Experiment 

It  was  mentioned  in  section  (  6.2  )  that  the  shield  insertion  loss  in  the 
point  source  experiments  was  evaluated  by  a  variety  of  methods  including 
cross  spectral  density  (for  broad  band  excitation)  and  signal  averaging 
plus  Fourier  transform  (for  pulse  train  excitation).  Comparative  power 
spectra  measurements  via  pure  tone  excitation,  warbled  tones  and  1/3 
octave  filtered  noise  were  also  used  for  the  insertion  loss  measure¬ 
ments.  In  general,  these  methods  show  comparable  results  with  the 
exception  of  pure  and  warbled  tone  excitation.  Here  an  apparent  wave 
interference  causes  the  data  to  show  fluctuations  about  the  smooth 
results  obtained  by  other  measurement  techniques. 

The  measured  attenuation  obtained  by  cross  spectral  density  measurements 
of  the  input  to  the  point  source  and  the  far  field  microphone  signal  is 
shown  in  Fig.(  7.7  )  together  with  the  theoretical  results  from  the  exact 
solution  given  by  Eq.(  7.2  -  7  ).  The  results  are  plotted  as  functions 
of  the  Fresnel  number  N,  defined  geometrically  as  in  Fig.  2-3.  The 
theoretical  curve  was  generated  by  numerical  integration  of  Eq.(  7.2  -7) 
The  infinite  Interval  is  reduced  to  a  finite  interval  by  ignoring 
the  ’tali’  of  the  integrand.  This  tail  was  estimated  for  various  values 
of  the  upper  limit  in  the  integral  for  negligible  truncation  error.  A 
computer  program  listing  for  the  half  plane  diffraction  using  the  exact 
solution  is  given  in  Appendix  G  (Computer  listing  #1). 


deferring  to  Eq.  (7.2  -  7).  toe  theoretical  insertion  !  d3  ,s 

by  -20  log  |*/«.|.  This  is  a  function  of  the  four  ihiependeit 
variables  ,  Rj,  R,  0O.  gt  the  first  two  of  which  are  norma  1 1 ?ei1  by 
wavelength,  This  takes  care  of  tne  frequency  dependence.  Tie  dependence 
of  tne  solution  upon  these  variables  implies  that  a  given  degree  of 
attenuation  can  be  achieved  with  various  combinations  of  source  and 
receiver  positions,  An  example  is  illustrated  in  Fig.  (7  -  a),  where 
the  plane  0Q  is  unfolded  to  the  plane  0.  Tne  nondimensional  shortest 
distance  is  therefore  a  straight  line  in  the  unfolded  plane,  here  the 
independent  variables,  hence  the  attenuation,  are  kept  constant  in  each 
case.  These  independent  variables  can  be  expressed  in  non-dimensional 
form  as  kR,  kRj,  0Q  and  0,  the  first  two  of  which  may  can  be  combined  to 
form  the  Fresnel  number 

N  -}2/x|  (R,  -  R)  (7.5.1) 

■|k/.|  (Rj  -  R) 

Replacing  this  four-fold  dependence  (xR,  N,  0  ,0)  by  a  dominant 
dependence  on  the  Fresnel  number  n  is  common,  and  is  supported  by 
experiment.  There  remains  a  weak  dependence  on  three  of  the  original 
four  variaoies.  These  three  then  become  'hidden  variables'  in  a  plot  of 
insertion  loss  vs.  the  single  variable  N.  A  more  detailed  discussion  is 
postponed  to  a  later  section. 


From  Eq.  7.2  -  7,  it  appears  Mat  the  insertion  loss  is  governed  by 
five  non-dimensional  variables  kR,  kRj,  xR*,  and  angles  0  and  *  . 
kR,  however,  can  b*»  deduced  from  four  other  parameters: 


(k*f-(kRf 

Zux'Uo-dJ/iJ 
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The  nine  plots  of  Fig.  (7  -  7)  refer  to  three  microphone  positions  at  40, 
60, and  90  degrees  with  respect  to  the  jet  axis*,  and  three  effective 
source  frequencies  4,  6  and  8  kHz.  The  point  source  is  located  along 
the  jet  axis  and  its  position  is  varied  from  x/D  *  1  to  15  (cf.  Fig.  6-2) 
to  alter  Fresnel  number  N.  The  range  of  N  covered  is  approximately  from  0 
to  13.  The  plane  of  the  microphone  traverse  direction  is  perpendicular 
to  the  shield  and  also  contains  the  line  traversed  by  the  point  source. 

With  the  use  of  the  virtually  ideal  UTIAS  point  source  and  carefully 
conducted  experiments,  there  is,  for  the  most  part,  very  good  agreement 
(average  deviation  less  than  1  dB  )  between  the  data  and  the  theoretical 
predictions.  Some  residual  bumpiness  suggests  the  existence  of  inter¬ 
ference  effects.  The  maximum  deviation  from  the  predicted  values  is  1.5 
dB  for  data  obtained  at  microphone  positions  of  40  and  (4  kHz  only)  at  60 
degrees.  The  best  agreement  appears  to  be  obtained  at  90°  (all 
frequencies)  and  for  the  two  higher  frequencies  at  60°. 

The  experimental  insertion  loss  points  from  Fig.  (7-7)  for  various 
combinations  of  source  frequencies  and  shielding  geometries  are  super¬ 
posed  onto  a  single  graph  of  insertion  loss  vs  Fresnel  number  (Fig.  7- 
9a).  For  a  fixed  Fresnel  number,  it  can  be  seen  that  the  scatter  range 
is  considerably  larger  than  when  each  case  Is  observed  individually. 
This  was  further  examined  by  plotting  the  corresponding  theoretically 
determined  points  for  all  nine  cases  of  Fig.  (7-7)  on  the  same  graph 
(Fig.  7-9b).  One  can  see  that  the  calculated  points  do  not  fall  nearly 
along  a  simple  curve,  but  Instead  they  define  a  scatter  band.  This 

*  The  jet  nozzle  Is  present  to  be  used  for  ■«.  Jet  shielding 
measurements;  there  is  no  jet  flow  in  the  presen.  experiments. 


represents  an  apparent  indeterminacy  due  to  ’hidden  variables', 
mentioned  earlier.  It  reflects  the  fact  that  although  N  is  the  dominant 
variable,  there  are  three  other  weak  variables  that  have  been  hidden  in 
the  plot.  The  scatter  band  arises  from  the  uncontrolled  variations  in 
these  hidden  variables  from  one  to  another  of  the  nine  cases. 


The  effect  of  these  ’weak'  variables  {kR,  9,  0Q)  was  examined  by  varying 
each  parameter  one  at  a  time.  Curves  of  attenuation  vs  source/recei ver 
separation  kR  for  a  series  of  Fresnel  numbers  are  plotted  in  Fig.  7-10; 
the  calculations  are  based  on  Eq.  7.2  -  7  with  9q  »  0°  and  any  receiver 
angle  9  (i.e.  source  or  receiver  on  shield  surface)-  For  values  of  0Q 
other  than  0,  similar  curves  have  been  obtained.  It  can  be  seen  from 
Fig.  (7-10)  that  the  weak  parameters  kR,  90,  Q-9q  have  a  noticeable 
effect  on  attenuation  besides  that  due  to  the  strong  parameter  N.  The 
variation,  however,  decreases  with  Increasing  kR  and  approaches  a 
certain  value  asymptotically.  For  each  set  of  specified  values  of  9,  9Q, 
kR,  and  N,  there  are  restrictions  in  allowable  source/receiver  positions 
that  are  compatible  with  a  given  set  of  parameters.  For  example,  for 
given  kR,  9Q,  9  there  <s>  a  maximum  value  of  N  that  occurs  at  z  -  zQ  *  0 
and  r/rQ  *  1*.  This  corresponds  to  the  Intersection  points  of  the  curves 

*  For  given  kR,  9,  0Q  one  can  show  that  occurs  when  and 

IK/dd-t*')  vanish.  From  this  one  obtains  the  required  conditions  as: 
z-  zQ  *  0  and  r/rQ  »  1.  Hence  from  Eq.  (7.5-1)  we  have 

.  ir^kuCj  i/a-we-*.))  - ) 

kRm1n  *  TrN/(j2/(Hc*se~\j)  -  f ) 

8  ‘  8°  *  cas-'Y  l-z/(,+  3ftf) 
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for  constant  N  and  0-0Q  in  Fig.  (7-10).  The  abscissa  of  the  intersection 

point  is  the  minimum  allowable  kR  value  to  sustain  a  given  Fresnel 

number.  For  a  fixed  N,  the  minimum  allowable  kR  value  generally 

decreases  with  increasing  angular  separation  0-0Q  between  the  source  and 

receiver.  This  is  because  as  the  diffraction  angle  increases,  a  given 

path  length  difference  can  be  maintained  with  a  smaller  source/recei ver 

separation  R.  These  curves  also  show  that  the  diffraction  angle  0-OQ 

clearly  has  a  more  noticeable  effect  on  attenuation  than  kR  for  kR  >  30 

and  N  <  20.  The  dimensionless  parameter  kR  of  the  measurement  points  is 

quite  large  (  >  100);  it  is  thus  concluded  that  the  scatter  band  is  not 

much  contributed  to  by  variations  in  kR,  but  is  primarily  due  to 

variations  in  the  source  angle  9„  or  0-0  . 

o  o 

The  experimental  attenuation  points  for  all  nine  cases  of  Fig. (7-7) 
are  superposed  on  the  theoretical  band  vs.  Fresnel  number  (Fig.  7-9b)  in 
Fig.  (7-11).  The  data  collapse  is  very  good,  only  occasionally  departing 
from  the  theoretical  band  by  as  little  as  1.5  d8. 

The  asymptotic  solution  via  the  Fresnel  integral  Eq.  (  7.2-9  )  has  also 
been  computed  with  an  asymptotic  series  representation  for  the  real  and 
imaginary  part  of  the  integrand.  As  expected,  the  approximate  solution 
is  in  good  agreement  with  the  exact  solution  since  the  Fresnel  number  is 
quite  large  and  the  dimensionless  parameter  kRj  (Eq.  7.2-7  )  has  a  value 
well  above  100  for  the  geometry  considered  experimentally  {  Table  1). 


7.5.2.  Exact  vs  Approximate  Solution 

To  examine  the  feasibility  of  the  engineering  scheme,  the  prediction 
from  Eq.  (  7.  3  -  4  ) 

A  J8  =  ho  U  -  +4-1  dB  7a., 

'  JJvTT  > 

Is  plotted  in  FI g. (  7  -  ta  )  together  with  the  exact  solution 

(Eq.  7.2-7)  for  several  source-receiver  geometries.  The  approximate 
formula  is  at  most  1.5  dB  from  the  exact  solution.  This  agreement  is 
quite  good  if  we  consider  that  only  one  parameter.  N,  is  involved  in  the 
formula  whereas  the  exact  solution  requires  four:  it  depend  on  features 
of  the  geometry  as  well  as  on  N.  As  seen  from  Fig.(  7-12  ),  the 

approximate  scheme  consistently  overpredicts  the  exact  solution  for 
the  geometry  of  the  present  experiments  by  1.5  dB  for  these  geometries. 

The  discrepancy  in  the  approximate  solution  (Eq.  7.3-,)  is  in  fact  due  to 

the  dependence  of  the  solution  upon  some  of  the  'weak'  parameters 

contained  in  the  exact  solution.  For  the  particular  geometries 

considered  (Fig.  7-12  ),  it  can  be  shown  that  the  disagreement  is 

explained  by  variations  in  the  angular  dependence,  9  and  9-9  . 

0  0 

This  ’$  illustrated  in  Fig. (7-13)  by  plots  of  exact  solutions 
showing  the  effect  of  the  angular  dependence  of  the  solution  on  the 


source  angle  0Q  and  the  observer  angle  9  in  reference  to  the  barrier 
plane.  For  each  N,  the  dashed  line  shows  the  attenuation  calculated  by 
the  approximate  solution  (Eq.  7.3-4),  which  is  clearly  a  constant 
function  of  (0-0^) .  Over  the  range  of  Fresnel  numbers  for  those 
geometries  considered  in  F1g.(  7-12  ),  the  approximate  solution  over¬ 
predicts  the  exact  solution  for  N  >  1  and  underpredicts  for  H  <  1.  A 
case  is  considered  below  where  the  expected  discrepancy,  which  can  be 
deduced  from  Fig.  [  7-13  ),  is  shown  to  be  compatible  with  the  trend 
indicated  in  Fig.  (  7-12C  ).  for  this  shielding  configuration  simple 
geometrical  calculations  show  that  the  measurements  for  N  >  1  correspond 
to  a  change  in  value  of  0Q  from  11°  to  37°  and  0-$o  from  270°  to  244°  as  N 
approaches  1  from  the  higher  values.  More  precisely, 

N  .  1  —  8-80  ■  240°,  80  *  37° 

H  >  5  —  8-80  »  264°,  80  =  17° 

The  computations  are  based  on  kR  =  200;  a  value  tyo'cal  for  most  cases 
examinee  experimentally.  For  the  above  values  of  the  parameters,  one  can 
see  that  the  expected  discrepancy,  as  estimated  from  Fig. (7-13) 
(indicated  by  arrows),  corresponds  very  closely  to  the  error  indicated  in 
Fig.  (7-12C)  for  the  corresponding  N.  For  N  -*  0,  0-&o 100°,  it  is 
quite  clear  from  Fig.  (7-13)  that  the  approximate  solution  predicts  a 
lower  attenuation  than  the  exact  solution,  this  also  confirms  the  trend 
in  Fig.  (7  -  12).  It  should  be  noted  that  the  boundary  of  the  shaded  zone  in 
Fig.  (7-12)  marks  the  minimum  allowable  diffraction  angle  0-Qo  for 
designated  values  of  Fresnel  numbers.  Effectively,  the  attenuation 
occurring  at  (0-®o)mjn  *s  the  maximum  attainable  for  given  N,  kR  and  90. 


7.5.3.  Modified  Semi -Infinite  Configurations  (  Hyperbolic  Cutouts  ) 

Other  than  the  integral  equation  approach,  there  is  no  known  analytical 
solution  for  predicting  the  diff fraction  of  sound  for  complicated 
geometries.  Although  the  solutions  for  the  classical  problem  of  diffrac¬ 
tion  by  semi- infinite  thin  screen  are  adequate  for  many  practical  sit¬ 
uations,  it  is  sometimes  necessary  to  consider  the  effect  of  a  pertur¬ 
bation  to  the  shape  of  basically  similar  barriers.  When  dealing  with  a 
geometry  such  as  a  hyperbolic  cutout  along  an  edge  of  a  thin  barrier,  the 
strafghtedged  solution  is  clearly  not  applicable. 

As  discussed  in  section  (7-4  ),  the  approach  due  to  Maggi  and 
Rub fnowfc*  shows  that  the  value  of  the  surface  integral  in  the  Ki rchhoff 
formula  depends  only  on  the  shape  of  the  rim  of  the  unclosed  surface;  in 
fact,  the  surface  integral  is  replaced  by  a  Tine  Integral.  Thus,  one 
would  expect  that  the  line  integral  could  accommodate  a  change  in  shape 
of  the  contour  along  the  edge. 

In  recent  publications  Embleton  (  Ref.es, 63)  has  applied  the  line 
integral  to  calculate  the  barrier  attenuation  in  the  presence  of  the 
ground.  Emb Teton  has  gone  further  and  transformed  Eq- (  7.4-1  )  from  a 
line  integral  to  an  ordinary  single  variable  integral.  His  modified 
version  of  £q.(  7.4  -i  )  which  gives  the  diffracted  field  in  the  shadow 
zone  is  (  Ref.  OR  )  (  Fig.  7-14  )  : 
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However,  the  above  transformed  Integral  is  only  applicable  for  a 
straightedged  barrier.  For  the  present  purpose,  the  original  form  as  in 
Eq .  (  7.4-1  )  is  more  appropriate  when  the  diffracting  object  is  arbitra¬ 
rily  shaped. 

For  a  semi-infinite  barrier,  the  line  integral  is  evaluated  along  the 
edge  which  extends  to  infinity  and  joins  by  a  semi-circular  arc  to  both 
ends.  In  the  present  configuration,  the  point  source  is  located  much 
closer  to  the  edge  than  is  the  observer.  The  dominant  contribution  to 
the  line  integral  for  the  diffracted  field,  which  can  be  thought  of  as 
representing  fictitious  acoustic  sources  along  the  edge  of  the  barrier, 
will  come  from  a  relatively  short  section  of  the  edge  located  nearest  to 
the  source.  Hence  the  line  integral  need  not  necessarily  be  performed 
over  the  entire  length  of  the  barrier. 

To  test  the  above  assumption,  Eq.(  7.4-1  )  is  evaluated  for  a  straight- 
edged  barrier  with  the  line  integral  performed  over  various  distances  on 
one  side  of  the  axis  of  sywaetry  (and  doubled).  The  value  of  the 


integral  exhibits  a  damped  oscillatory  character  istu  about  an 
asymptotic  value  (Fig.  7-15  ).  For  a  frequency  of  3  kHz,  the  calculat¬ 
ions  indicate  that  a  half -span  about  6  wave-lengths  from  the  point  of 
closest  distance  to  the  source  is  sufficient  for  a  source  located  at 
about  15  0  (6.7  wave-lengths)  from  the  edge  (Fig.  7-1 5b  ).  If  the  source 
is  moved  closer  to  the  edge,  the  half-span  integrating  distance  required 
by  the  line  integral  decreases.  For  a  source-to-edge  separation  of  less 
than  8  D  (3.6  wave-lengths),  it  is  only  necessary  to  perform  tne  line 
integration  for  4  wave-  lengths  along  the  edge  to  yield  an  error  of  less  than 
0.5  dB  (Fig.  7-15e  ).  In  each  case,  the  half-span  line  segment  of 
integration  is  approximately  equal  to  the  source/edge  separation.  This 
is  also  found  to  be  true  for  other  frequencies. 

The  strength  of  the  sources  at  the  edge  is  inversely  proportional  to  the 
distance  of  the  point  source  from  an  edge  element.  The  length  of  the 
effective  line  source  (see  above)  equals  about  twice  the  source/edge 
separation.  Thus  the  diffracted  field  effectively  originates  f,'om  a 
finite  distribution  of  simple  sources  with  a  sound  source  intensity 
varying  frcxn  a  maximum  value,  determined  by  shortest  distance  from  the 
edge  to  the  source,  up  to  a  point  where  the  effective  strength  is 
decreased  by  a  factor  of  .707  (i.e.  3  dB). 

For  comparison,  Embleton‘s  formula  (Eq.  7.5-2  )  is  also  evaluated  for 
various  value  of  0  for  a  straight-edge.  0  is  the  angle  specifying  the 
location  of  the  line  element  along  the  edge  relative  to  the  receiver 
(Fig.  7-14  ).  Taking  symmetry  into  account,  the  edge  wave  is  generated 
as  0  varies  from  0  to  «7 2  for  an  edge  that  extends  to  infinity.  The 
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calculations  indicate  that  an  upper  limit  of  0  *  10°  gives  an  error  of 
less  than  0.5  dB.  From  the  geometry,  this  corresponds  to  a  distance  of 
about  6.5  wave-lengths  from  the  axis  of  symmetry,  in  good  agreement  with 
the  previous  result. 

In  view  of  these  findings,  the  sound  field  as  predicted  by  the  line 
integral  theory  is  calculated  herein  with  the  lowest  appropriate  upper 
limit  in  the  numerical  integration.  This  is  done  to  save  CPU  time  on 
computer.  Calculations  comparing  the  exact  solution  with  the  line 
integral  approximation  are  shown  in  F1g.(  7-12  ).  Since  the  line 
integral  formulation  is  a  development  of  the  Klrchhoff  theory  of  diffr¬ 
action,  it  also  contains  all  the  shortenings  of  the  original  Klrchhoff 
approximation.  The  results  show  a  discrepancy  similar  to  that  in 
F1g.(  7'3b  ),  namely  an  over -predict Ion.  Generally  speaking,  the 
accuracy  improves  in  the  region  close  to  the  shadow  boundary  »rt»ere  the 
Fresnel  number  M  approaches  zero. 

As  discussed  earlier,  Rubinowicz's  diffraction  integral  suggests  that 
the  structure  of  the  edge  wave  generated  at  the  rtm  of  a  barrier  depends 
only  on  the  separation  and  orientation  of  the  edge  element,  with  respect 
to  the  source,  at  the  point  of  diffraction:  this  determines  the  strength 
of  the  simple  sources  on  the  edge  and  the  inclination  factor.  It  Is  also 
noted  that  in  this  theory  each  point  on  the  contour  does  not  influence 
the  other  points  on  the  contour.  This  assumption  of  no  mutual  Inter¬ 
ference  seems  unrealistic  in  the  case  of  the  field  diffracted  by  narrow 
slits  or  cutouts  rttose  opening  Is  less  than  a  few  wave-length  across. 
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To  evaluate  the  diffracted  field  due  to  a  cutout  by  means  of  the  line 
integral  (Eq.  7.4.1),  suppose  (x.y.z)  denotes  an  arbitrary  point  lying 


on  the  edge  ( 

'Fig.  7-16).  One  can  write: 
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(  7.5-3 ) 

where  source  point  *  (x$.  -ys>  0),  and  field  point  ■  (0,  yr,  0). 


Along  the  straight  portion  of  the  edge 

d X  «  4  l 

whereas  along  the  cutout  portion 

4k  •  =d= ===== 
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applies  for  constant  step  of  dl .  The  diffracted  field  is  calculated  by 
substituting  Eq.  (7.5-3)  into  Eq.  (7.4-1).  As  for  the  straight-edged 
configuration,  the  line  integral  need  only  be  performed  niwierically 
along  the  shield  edge  for  some  distance  where  the  sources  along  the  rim 
contribute  signif icantly  to  the  diffracted  wave. 

Prior  to  applying  this  prediction  scheme  to  the  hyperbolic  cutout,  the 
present  method  was  examined  on  a  cutout  following  a  cosine  shape.  This 
form  allows  the  cutout  contour  to  blend  in  smoothly  with  the  straight 
portion.  A  feature  which  is  appropriate  for  examining  the  effect  of 
varying  the  cutout  width.  The  form  of  contour  chosen  was 

Z/D  »  12  -  4  cos  (  riZ/Zm  )  7.5-4 

where  z  denotes  the  cutout  halfwidth.  The  straight -edged  portion 
m 

U  >  *m)  has  a  shield  length  of  16  0.  The  vertex  point  of  the  contour  is 

at  8  D.  The  source  and  field  points  are  located  as  in  fig.  ( t- 1«  ).  This 

particular  geometry  and  the  basic  shield  lengths  are  typical  of  config¬ 
urations  tested  experimentally. 

The  change  in  attenuation  of  a  cosine  cutout  is  plotted  in  Fig.  (7-17  ) 
with  respect  to  a  semi-infinite  straight -edged  barrier  without  a  cutout. 
The  source  frequency  is  8  kHz,  and  the  attenuation  is  plotted  against 
normalized  cutout  half-width  x  .  There  is  no  change  in  attenuation  at 
/  x  *  2.4  .  Surprisingly,  if  the  cutout  width  is  narrower  than  this 
value,  there  is  an  apparent  improved  shielding  performance  over  that  of 
the  datum  rectangular  shield.  This  may  be  due  to  interference  due  to 


close  proximity  of  the  edges.  For  cutout  widths  of  the  order  of  3  or  4 
wave- lengths, the  performance  of  the  barrier  deteriorates  at  a  rate  of 
about  1  dB  per  wave-length  increase  in  width.  Beyond  a  cutout  width  of  6 
wave-lengths,  the  attenuation  is  relatively  insensitive  to  further 
increase  in  the  cutout  width.  This  is  consistent  with  the  previous 
results  for  a  straight-edge  calculation  where,  for  that  shielding 
geometry,  only  a  limited  extent  of  sources  along  the  edge  make  signifi¬ 
cant  contribution  to  the  diffracted  sound  field. 


This  cosine  shape  calculation  leads  us  to  computation  of  the  diffracted 
field  due  to  a  semi-inf inite  planar  straight -edged  shield  with  a  hyper¬ 
bolic  cutout  section  via  the  line  integral  approach.  If  one  takes  the 
center  point  of  the  nozzle  exit  as  the  origin  of  coordinates,  the  cutout 
is  represented  by  the  equation  of  a  hyperbola  in  the  form  (  Fig,  7  - 18  ■. 


Where 


x  = 


fFFF  -  v/z 

ttu  t  oL 


(  7.5-5  ) 


h  «  distance  of  Jet  axis  from  shield 
0  »  jet  diameter 
«  *  half  angle  of  cone 

(later  identified  with  threshold  cone  of  interference  of  a 
Jet). 
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The  diffracted  sound  field  due  to  this  cutout  can  be  calculated  by  using 
Eg.  (7.5  -  3)  and  Eg. (7.5  -  5).  The  result  for  this  configuration  shows 
higher  attenuation  than  the  corresponding  cosine  cutout  with  identical 
cutout  width  at  the  edge.  This  shows  that  the  shielding  effect  is  very 
much  influenced  by  the  geometry  of  the  contour  (i.e.  the  inclination 
factor). 

It  is  quite  clear  that  the  discrepancies  in  the  Rubinowicz  line  integral 
results  are  quite  substantial  in  the  shielding  calculation  for  a  straight- 
edged  barrier.  Depending  on  the  source  and  receiver  positions,  the  error 
can  be  as  large  as  8  dB  over  a  wide  range  of  Fresnel  numbers  (Fig. 7-12). 
Similarly,  there  should  be  comparable  errors  in  the  same  direction 
between  the  measurements  and  the  results  from  the  line  integral  theory 
evaluated  for  a  cutout.  This  expected  trend  is  consistent  with  the  fact 
that  the  inclination  factor  of  the  edge  wave  depends  solely  upon  the 
geometry  of  the  boundary.  Each  line  element  dl  can  be  interpreted  as  a 
portion  of  a  hypothetical  straight-edged  barrier  (Fig.  7  -  19).  In 
general,  therefore,  one  can  anticipate  that  the  error  associated  with  a 
cutout  configuration  should  be  comparable  to  that  of  a  straight-edged 
barrier.  Thus,  for  similar  source-shield  positions,  the  numerical 
results  calculated  for  a  cutout  configuration  can  be  adjusted  via  an 
appropriate  approximate  correction  factor  that  can  be  determined  from 
the  straight-edge  calculations.  It  can  be  seen  from  Fig.  (7-19)  that  the 
hypothetical  straight-edged  barrier  height  'h*  corresponding  to  a  line 
element  di  varies  as  the  slope  of  dl  varies.  In  general  *h‘  is  a 
function  of  distance  along  the  contour.  For  a  hyperbolic  cutout,  ’h’  Is 
largest  for  a  line  element  at  the  vertex  point  and  decreases  to  its 


smallest  value  at  the  end  point  of  the  contour,  it  is  quite  clear  from 
F19.  (7-12)  that  as  the  Fresnel  number  decreases,  i.e.  as  barrier  height 
decreases,  the  accuracy  of  the  line  integral  improves.  To  this  end,  the 
decision  was  made  to  derive  a  correction  factor  that  was  based  on  the 
largest  'h',  i.e.  a  point  on  the  contour  corresponding  to  the  path  of  the 
shortest  diffracted  ray,  for  the  particular  source/receiver  geometry. 
For  example,  comparison  between  the  exact  solution  (Eq.  7.2  -7)  and  the 
line  '"tegral  solution  for  frequencies  between  4  k  to  8  kHz  shows  an 
f  -  ranging  from  ..bout  6  dB  at  a  source  to  edge  distance  's'  of  s/D  =  6 
to  3.  j  dB  at  s/u  *  2  for  a  semi-infinite  straight-edged  barrier.  With 
i;iese  values  applied  with  reversed  sign  as  a  correction  to  a  cutout 
configuration  with  similar  source-shield  positions,  one  can  see  that  the 
calculated  results  agree  with  experimental  measurements  within 
acceptable  limits  (Table  2-A).  Here  the  shielding  geometry  is  identical 
to  Fig. (7- 16),  with  the  hyperbolic  cutout  replacing  the  cosine  cutout. 

Furthermore,  Ignoring  any  mutual  interference  effects  that  might  exist 
between  the  boundary  diffraction  waves  that  are  generated  along  the 
Cutout  contour,  it  is  expected  that  the  shielding  performance  of  a  hyper¬ 
bolic  cutout  which  occupies  a  certain  portion  of  a  straight-edged  barrier 
should  be  between  the  attenuation  provided  by  the  corresponding 
straight-edged  barrier  without  a  cutout  and  one  that  extends  up  to  the 
vertex  point.  This  behaviour  is  indeed  observed  for  sources  located  at 
less  than  2  D  from  the  vertex  point  of  the  cutout  along  t'e  axis  of 
sjaametry.  Thus  correction  factors  based  on  the  average  performance  of 
such  a  configuration  can  be  derived.  The  analytical  predictions  so 
deduced  are  seen  to  track  the  point  source  measurements  with  an  Improved 
accuracy  (Table  2-B). 


finite  Configurations 


7.5.4  Planar  Rectangular  Shields 

The  semi-infinite  configurations  were  studied  in  order  to  provide  a 
baseline  comparison  with  other  shielding  configurations.  As  opposed  to 
empirical  correlations,  it  has  the  attraction  of  being  amenable  to 
riaorous  theoretical  prediction  of  the  shielding  attenuation.  As 
discussed  below,  the  analysis  also  serves  as  a  basis  for  approximate 
solutions  for  finite  planar  configurations. 

In  practical  applications  we  must  consider  finite  shielding  configur¬ 
ations.  The  boundary  value  problem  formulated  for  a  planar  configur¬ 
ation  usually  Involves  Wiener  Hopf  techniques.  These  give  a  system  of 
integral  equations  that  are  often  very  difficult  to  solve  exactly.  Among 
the  few  cases  where  solutions  exist,  the  one  that  has  the  closest  resem¬ 
blance  to  a  planar  rectangular  shape  is  that  of  a  semi-infinite  strip. 
The  solution  is  expressed  in  terms  of  Mathieu  functions  and  is  not 
directly  applicable  for  finite  site  (  Ref.  4  3  ).  8ecause  of  the 
short-comings,  it  may  be  preferable  to  obtain  approximate  closed  form 
solution  for  finite  barrier  in  terms  of  semi-infinite  barrier  solutions. 

One  method  for  approximating  the  shielding  by  a  finite  rectangular 
shield  is  suggested  by  Broadbent  and  others  (  Refs.  55,52,54,61  )  :  one 
apply  the  semi-infinite  half  plane  solution  for  the  potential  to 
each  edge  of  the  shield.  The  magnitude  of  the  sun  of  the  complex  valued 
pressures  is  considered  to  approximate  the  total  field.  This  method  is 


justified  by  the  principle  of  stationary  phase  wtien  tne  mr  i.ient  wave¬ 
length  is  sufficiently  small  comparel  to  other  distances.  F>-jm 
Eq.(  7.4-1  )  or  Eq.  (  7.3-2  ),  one  sees  that  the  integrand  :ons<st'.  of 
the  product  of  a  complex  exponential  with  a  phase  dependant  of  r 

and  an  obliquity  factor  in  the  form  of  .  When  the  wave  number  k 

is  large,  the  dominant  contribution  to  the  integral  comes  fro*  points  at 
which  the  phase  is  stationary  {Refs.  62, 55)  .For  a  straiqht  edge,  this 
corresponds  to  the  points  at  which  the  path  length  from  the  source  to  the 
observer  is  minimum.  This  then  implies  that  in  the  high  frequency  limit 
one  can  take  a  given  edge  of  a  finite  shield,  and  calculate  the  shielding 
due  to  that  edge  as  if  it  were  extending  to  plus  and  minus  infinity,  by 
means  of  the  semi-infinite  half  plane  solution. 

This  method  of  approximating  shielding  of  a  finite  barrier  by  summing  the 
diffracted  field  calculated  for  each  edge  separately  using  the  cor¬ 
responding  semi-infinite  solution  also  amounts  to  assuming  there  is  no 
mutual  interference  between  the  incident  wave  at  the  diffracting  edges. 
This  can  be  justified  if  the  separation  ‘d1  of  the  edges  is  a  few 
wavelengths  across.  For  the  present  configuration,  the  ratio  of  the 
width  to  wavelength  6/k  *  3.6,  5.4,  and  7.2  for  frequencies  of  4,  6,  8  kHz 
respectively. 

The  accuracy  of  the  above  scheme  was  tested  with  a  source/shield  arrange¬ 
ment  as  shown  in  (  Fig  7-20  ).  The  location  of  the  point  source  is 

varied  between  the  two  long  edges.  At  any  source  position,  the  two  long 


edges  will  contribute  more  significantly  than  the  short  edges  which  are 
relatively  far  away  from  the  point  source.  This  geometry  has  practical 
relevance  to  typical  jet-source/wing-shield  configuration,  and  hence  it 
is  desirable  to  determine  the  accuracy  of  the  method  for  wing  shielding 
of  jet  sources. 

The  effect  of  the  corners  of  a  rectangular  shield  is  discussed  in  Ref.  52. 
The  contribution  of  a  corner  is  shown  to  be  substantially  less  than  that 
of  an  edge  in  the  regime  where  the  method  of  stationary  phase  is 
applicable.  Hence,  for  a  rectangular  shield  where  the  corners  are 
sufficiently  far  away  from  the  point  of  minimum  path  length,  the  main 
contribution  will  be  due  to  edge  diffraction  alone. 

The  predicted  and  measured  shielding  are  plotted  as  a  function  of  dis¬ 
tance  from  one  edge  in  F1g.(  7-21  ).  The  top  and  bottom  edges  were 
neglected  in  the  calculation  due  to  their  large  distances  from  the  point 
source  as  compared  to  the  other  two  edges.  Also,  in  the  experimental 
setup,  the  bottom  edge  was  secured  at  several  points  to  a  base  in  close 
contact  with  the  edge  for  maintaining  proper  orientation.  In  contrast  to 
the  semi-infinite  configuration,  the  diffraction  pattern  for  a  finite 
shield  consists  of  a  series  of  peaks  and  troughs  of  considerable 
amplitudes. 


The  quantitative  agreement  is  very  good  except  for  several  of  the  highest 
peaks.  Any  discrepancies  in  the  form  of  overprediction  or  under - 
prediction  of  the  amplitude  are  limited  to  the  range  of  1  to  4  dB.  This 
could  be  due  to  inaccuracy  in  positioning  of  the  point  source.  This 
source  of  experimentally  induced  error  is  more  apparent  in  the  finite 
configuration  than  in  the  semi-infinite  case.  Another  contributing 
factor  to  the  error  is  the  presence  of  the  settling  chamber  for  the  model 
air  jet  in  the  close  proximity  of  the  shield  (Fig.  7-20  )  in  the  experi¬ 
mental  setup.  Even  though  this  chamber  is  covered  with  fibreglass  there 
may  be  some  reflections.  These  will  alter  the  incident  sound  field  at 
one  edge  to  some  degree. 

At  source  locations  near  the  downstream  edge  and  at  p  *  40°  ,  there  Is 
more  significant  contribution  from  this  edge  than  other  edges  by  virtue 
of  the  large  difference  in  Fresnel  number.  It  can  be  seen  that  the 
prediction  scheme  shows  fairly  good  agreement  with  these  measurements, 
where  the  error  caused  by  reflection  is  less  significant. 


7.5.5  Half  Round  Shields 

The  half  round  cylindrical  scoop  shield  is  a  more  complex  shape  than  the 
planar  shield.  Exact  or  approximate  closed  form  solution  are  not 
available  in  the  literature.  The  alternative  is  the  generalized 
integral  equation  approach  which  can  be  formulated  specifically  for  any 
particular  problem.  Diffraction  by  thin  sheets  have  been  solved  by  the 
integral  equation  methods  (Refs.  46,49).  In  particular,  the  formulation 
and  method  of  solution  due  to  Terai  (Ref.  49  )  will  be  developed  and 
adapted  herein  to  solve  the  diffracted  sound  field  around  a  rigid  half 
circular  cylindrical  shell. 


field  potential  and  the  diffracted  potential  f  For  an  acoustically 
hard  surface,  the  appropriate  boundary  condition  is  ^0/^n  -  0  on  S.  In 
order  to  take  adventage  of  the  homogen ity  of  the  boundary  condition  for  a 
hard  surface,  it  is  usually  more  convenient  to  use  Eq.(  7.1-8  ). 

Now,  a  thin  rigid  plate  can  be  considered  as  the  limit  at  which  the 
thickness  of  a  finite  body  decreases  to  zero.  In  this  case,  Eqs.(7.1-7) 
and  (7.1-8),  which  are  appropriate  for  finite  bodies,  require 
modifications.  The  following  integral  equations  replacing  £qs.  (7.1-7) 
and  (7.1  -  8)  respectively  are  appropriate  for  thin  plates  as  presented 
by  Terai  (Ref.  49): 


As  discussed  in  sect  ion  7.1  ,  Eq$.{  7.1-7)  and  {  7.1-8  )  are  central  to 
the  calculation  of  acoustic  scattering  from  arbitrary  shapes.  These  are 
integral  equations  of  the  second  kind  characterizing  the  diffraction 
phenomenon  in  the  form  of  : 

+  J  K(x.f)f(p  df  <  I 

with  g  ,  and  k  given  and  f  is  the  unknown  function,  in  general  for 
arbitrary  body  shapes,  numerical  procedures  must  be  employed  to  obtain 
solutions. 

As  stated  before,  the  field  potential  ♦  in  E  7.1-7  )  and 
(  7. 1-8  )  is  that  of  the  total  wave  and  is  camp  sed  of  the  incident 
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wnerc  2/2  n  denotes  differentiation  m  tne  d  -ection  of  toe  normal  to 
thn  plate  taken  outward  from  one  of  tne  surfaces  of  tne  pl*r«  ind  p-o 
subscripts  (1),  (?)  denote  point;  on  opposite  of  to 
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pi  a*  '  1*  j. 


Using  Eq.{  7.5-8),  with  d*/dn*  0  applied  on  both  surfaces  of  S,  the 
integral  equation  reduces  to 


The  kernel  can  be  interpreted  as  the  gradient  in  the  nq  direction  of  the 
field  at  point  q  due  to  a  unit  dipole  with  axis  np  at  point  p. 
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Eq.(  7.5-9  )  is  an  integral  equation  of  the  first  kind  written  in  the 
form 


A  numerical  representation  of  the  integral  equation  can  be  obtained  with 
the  elementary  discretization  method  :  that  is,  the  surface  is  divided 
into  a  finite  number  of  elemental  areas.  The  area  of  each  element  must  be 
taken  sufficiently  small,  i.e.  dimensions  «  \  .  From  this,  we  can 
assume  that  the  surface  potential  within  the  element  is  constant  and 
represented  by  the  value  at  the  center. 


2™  =  f  f<j>  %(*■/)  <*/  (7, 

with  g(x)  and  K(x,y)  given.  The  problem  is  to  solve  for  the  unknown 
function  f(y).  The  function  K  Is  call  the  kernel  of  the  integral 
equation.  With  the  free  space  Green's  function  defined  as  (see  Fig. 
7. 228 ) : 


Under  these  considerations,  the  unknown  potential  function  in  Eq.(  7.5-8) 
can  be  taken  outside  the  integral  sign  and  the  resulting  integral 
equation  is  discretized  and  converted  into  a  system  of  simultaneous 
algebraic  equations  : 

Fi  “  Kij  *j  (7.6-iaa) 


6(P,q)  -  GREEN'S  FUNCTION 
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and  7  ■  Tf-l^  r  -TiT-Tfj  ,  the  kernel  K  Is  expressed  as  : 


which  may  also  be  written  as 


[F]  •[«][♦] 


(T.s-iab) 


Here  [*]  Is  a  column  matrix  for  the  unknown  surface  potential  jump. 
[k]  is  a  square  matrix  defined  by  the  kernel  function. 

[F]  is  a  known  column  matrix  denoting  the  negative  of  the 
incident  normal  velocity  component  bty/bVl  .  on  the  surface. 


(7.6-11) 


The  body  surface  is  subdivided  ir.to  m  elemental  areas  (finite  elements) 
(Fig.  7-Ztb).  F^  refers  to  the  center  of  the  i-th  element,  <p *  to  ihe 
center  of  the  j-th  element,  .  is  the  mutual  influence  kernel 
(Eq.  7.5-11)  referring  to  both  elements. 

Numerical  solution  of  Eq.(  7.5-12)  involves 

(1)  Evaluation  of  the  kernel  function  *  [K]  over  all 
combinations  of  i  =  1  ...  m,  and  j  *  1  ...  m. 

(2)  Evaluation  of  [<p]  via  [K]  1  f]  ;  the  matrix  inversion 
and  subsequent  multiplication  is  performed  on  a  digital 
computer. 

The  input  data  includes  the  coordinates  of  the  control  points  where  the 
surface  potential  jump  is  to  be  calculated,  the  outward  normal  at  each 
point,  and  the  normal  component  of  the  acoustic  velocity  d#/d 71  at  the 
control  points. 


Thus  when  p»q,  r  vanishes  (Fig.  7-22a  ),  and  the  integrand  (kernel) 
becomes  singular  due  to  the  factor  e"’kr/r^  ;  the  form  in  Eq.(  7.5-13  ) 
is  then  inapplicable.  To  examine  the  behaviour  of  the  singular  kernel, 
one  may  consider  the  use  of  planar  elements  that  are  sufficiently  small 
in  size  to  fit  quite  reasonably  well  into  a  surface  to  approximate  an 
arbitrary  body.  In  any  event,  even  when  planar  elements  can  not  be  used 
readily,  regardless  of  the  type  chosen,  the  curvature  of  the  element  is 
usually  small.  Thus,  the  behaviour  of  the  kernel  as  the  point  p 
approaches  the  point  q  can  be  investigated  by  considering  a  planar 
element  In  the  neighborhood  of  such  a  point. 

To  treat  the  singularity,  the  first  step  is  to  transform  the  surface 
integral  to  a  line  integral  around  the  boundary  of  the  element 
(Ref.  49  ).  Assuming  a  point  P  is  at  a  distance  i  above  the  plane  that 
contains  the  element  (Fig.  7-Z3t>  ),  one  can  write 


Recall  that  the  matrix  coefficient  are  defineo  by  integrals  of  the  form: 
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If  the  element  contains  the  point  p,  then  the  kernel  becomes  singular  at 
the  point  where  p-q,  as  a  point  P  off  the  surface  approaches  the  point  p 
along  a  normal  np  (Fig.  7-23b  ).  For  this  particular  case,  one  excludes 


the  point  where  f  *  0  and  surrounds  It  with  a  small  circle  of  radius  a  . 
It  follows  that 


In  the  limit  as  P-p,  z  tends  to  zero.  The  value  of  the  Integral  evaluated 
along  the  outer  boundary  pa>  is 


(r-vp  )(r  .if)  = 

Therefore,  Eq.(7.8-  13  )  can  be  written  as 
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The  Integration  with  respect  to  the  variable  r  is  evaluated  by  «.-ans  of 
integration  by  parts,  applied  successively  to  terms  of  the  form  : 
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The  integration  yields  : 


K  -  -  ■  ^[(Mkr>  (j:)2  -  1  J 

4  '  < 


rtf) 


(  7.5-15) 


ikfCf) 


For  the  Inner  boundary  as  •  tends  to  zero, 
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Thus  for  an  element  which  contains  the  point  ‘p1  where  the  kernel  becomes 
singular,  the  matrix  coefficient  has  the  value 
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If  the  diffracting  surface  is  planar,  the  matrix  coefficient  for  an 
element  lying  in  the  same  plane  as,  hut  not  containing,  the  point  ' p '  is 
given  by  the  first  term  of  Eq. (  7.5-16  ).  For  any  element, 


with  complex  coefficients.  Once  the  surface  potential  is  found  on  the 
surafce  Eq. (7. 1-6)  with  «  0  can  be  used  to  calculate  the  total 
acoustic  potential  at  any  point  in  the  field  off  the  diffracting  body. 


rnp  ,  rnq  -0 


and  np  nq  •  1 


Eq.(  7.5-13  )  is  reduced  to 
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(  7.5-18) 


anere^W  and  are  the  intersection  of  the  radius  vector  with  the 
boundary  and  its  near  and  far  side  respectively  (fig. 7. 23*).  Eds. (7. 5-9). 

(  7.5-11  ),(  7.5-16  )  snd  (  7.5-18  )  c*n  be  used  to  determine  the 

distribution  of  the  acoustic  potential  Jump  ' (qj )  -  on  the 

surface  of  any  thin  olate  by  solving  the  system  of  equations  (Eq.  7.5-12  ) 


The  accuracy  of  the  method  was  tested  for  a  rectangular  plate  so  as  to 
compare  with  published  experiemental  results  (Ref.  49  ).  This  also 
allows  one  to  investigate  the  limitation  of  the  formalism  before 
applying  it  to  more  complicated  shapes.  The  diffracted  field  was 
computed  for  a  rectangular  rigid  panel  of  dimension  .2m  x  .3m  with  source 
-  panel  distance  of  5  m  and  panel-receiver  distance  of  .31  m.  A  point 
source  emitting  a  1000  Hz  tone  is  situated  on  the  central  axis  of  the 
panel.  The  panel  has  been  approximated  by  96  square  elements  with 
dimension  I  -  .025  m  for  each  side.  The  control  points  are  taken  as  the 
centroid  of  each  element.  Here  the  boundary  condition  is  imposed;  it 
requires  that  the  normal  velocity  component  be 
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where  R-R„  denotes  a  vector  directed  from  the  point  source  to  a 
control  point  ’p'  on  the  body. 

The  ratio  of  the  acoustic  wavelength  to  the  linear  dimension  L  of  the 
elenent  chosen  is  quite  large,  of  the  order  X/L«13.  Thus  it  is  clear 
that  kr  does  not  vary  greatly  over  the  element.  In  addition  if  L/r  is 
also  small  (i.e.  the  control  point  is  far  away  from  the  element),  a  first 
approximation  to  the  value  of  the  integral  of  Eq.  (7.6-17)  can  be 
obtained  by  setting  r  -  r0,  where  ro  is  the  distance  between  each 
control  point.  Under  those  circumstances  the  integrand  can  be  treated  as 
a  constant.  Thus  the  matrix  coefficients  are  determined  as  follows: 

(a)  if  p  i>  q  ,  Eq- (  7.5-17  )  Is  approximated  as 

e',kro  /  r*  (1  ♦  1krc)  •  area  of  element 

(b)  If  P  *  q  ,  Eq-  (  1.5-16  )  Is  approxlmatd  by  replacing  the 
elenent  by  a  disk  of  equal  area  and  peforming  the  line  Integral 
over  the  clrcimtference  (Ref.  *6  ). 

The  results  from  this  first  approximation  are  plotted  In  Fig.  (  7-24  )• 

The  experimental  measurements  of  Reference  49  are  also  shown.  It  can 
be  seen  that  the  calculated  results  show  only  qualitative  agreement  and 
fail  to  predict  the  locations  and  magnitudes  of  the  peaks  and  valleys.  A 
further  decrease  In  site  of  the  element  (half-divided)  does  not  show 


noticeable  improvement.  The  above  approximation  requires  that 
L/r0  be  small.  This  is  valid  only  if  the  element  is  far  away  from  a 
control  point  ■  p  ’ ,  whereas  L/r  is  not  small  for  elements  in  the 
inmediate  vicinity  of  point  ' p‘ .  Since  the  boundary  condition  can  be 
applied  accurately,  it  is  felt  that  the  error  is  largely  due  to  inability 
of  the  approximations  (a)  and  (b)  to  evaluate  the  kernel  accurately. 

An  obvious  alternative  for  a  more  accurate  evaluation  of  the  integral  of 
the  kernel  Is  to  further  divide  the  element  into  a  number  of  smaller  area 
subelements.  If  necessary  each  subelement  can  be  further  subdivided 
until  an  accurate  representation  of  the  Integral  is  obtained.  However, 
the  subdividing  scheme  Is  time  consunlng  on  a  computer;  furthermore.  It 
Is  anticipated  that  the  accuracy  increases  rather  slowly  and  a  more 
elegant  second  approximation  should  be  devised. 

To  this  end  Eqs.  (  7.5-16  )  and  (  7.5-18  ),  due  to  Terat  (  Ref.  49  ),  are 
the  starting  points  of  the  present  development;  they  give  the  potential 
In  terms  of  a  line  Integral  along  the  boundary  of  an  element .  In  this 
approach.  It  Is  convenient  to  evaluate  the  line  Integral  In  terms  of  a 
local  coordinate  system  attached  to  an  element  In  which  the  origin  of  the 
coordinate  system  Is  taken  to  coincide  with  the  control  point  (Xj.yj) 
of  that  element. 

Fig.  (  7-25  )  Illustrates  the  geometry  used  to  calculate  the  potential 
at  a  general  control  point  p  due  to  an  element  lying  in  the  same  plane. 


With  reference  to  the  local  coordinate  system,  the  angle  a  changes  from 
0  to  2 r  for  a  complete  Integration  around  the  perimeter. 

On  making  the  change  of  variable 


<je  =  >1  J  cl 

Jo L 


Ef.  (7-S-iB)  su4uc.es  to 
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dot 


(  7.5-20  ) 


(  7.5-21  ) 


The  quantities  that  are  varied  during  the  Integration  of  Eq.  (  7.6-81  )  are 
'  p  '  and  the  Jacobian  of  the  transformation  •  From  the  cosine  law, 

is  expressed  as  (Fig.  7-  85  ) 


e  «=  1*  -  ***? 


t  7.5-22  ) 


The  Jacobian  £0/doC  can  be  expressed  as  follows  (Appendix  F  ) 


For  Sides  1  and  3  (Fig.  7-85  ) 


*  =  -Jt_  X«^e 
Ja.  ~  3d  p 


where 

M  =  [*'**'*  +  P.'±  if.  d  Cease.  otd+  sin  e.)]k 
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=  -  Y  [  d‘  CoSd  Csc’d  ± 
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For  sides  2  and  4 
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The  evaluation  of  the  singular  element  (Eq.  7.5-16)  requires  but  a  single 
integration  along  one  line  segnent. 


The  numerical  evaluation  of  the  matrix  coefficients  may  be  performed 
by  many  existing  numerical  Integration  schemes  such  as  Simpson's  rule, 
the  trapezoidal  rule,  and  some  general  quadrature  formulas.  However, 
for  most  bounded  Integrals  the  Gaussian  method  Is  known  to  yield 
remarkable  accuracy  with  only  a  few  ordinates.  In  the  present 
calculation,  a  four  point  Gaussian  quadrature  formula  is  used  to 
evaluate  the  line  integral.  The  Gaussian  Integration  formula  that 
approximates  the  integration  of  f(x)dx  between  the  limits  'a'  and  'b'  Is 
expressed  as 

dx  =  ±1*-  V  UJ;  if  + 

z  J  L  z  J 

(  7.5-25  ) 

where  w^  are  weighting  coefficients  and 

t1  are  roots  of  the  Legendre  polynomial  PN( t )  ■  0 


In  the  preset**  context, 

fM  = 


£lktl0> 

{(*)  <?o( 


(  7.5-26  ) 


For  each  segnent  of  the  boundary,  the  ordinates  are  given  by 


X,  =  (0.25  t,  ♦  .5) 

side  1 

X,  =  (0.25  t.  *  1) 

side  2 

X,  -  (0.25  t,  ♦  1.5) 

side  3 

X,  *  (0.25  t, ) 

side  4 

The  weighting  coefficients  « |  and 

associated  points 

*1 

*1 

♦  0.339  981  044 

0.652  145  155 

1  0.861  136  312 

0.347  854  845 

The  matrix  equations  as  indicated  in  Eq.(  7.5-12  )  are  conventional 
linear  matrix  equations  except  that  the  matrix  elements  are  generally 
complex  valued.  For  the  present  work,  the  IMSL  library  subroutine  lEQTIC 
was  used  for  solving  these  equations  to  obtain  the  surface  potential.  An 
integral  equation  computer  program  listing  for  point  source  diffraction 
by  a  rectangular  flat  plate  Is  given  in  Appendix  G  (Computer  listing  #2) 

The  calculated  results  from  the  line  integral  approach  are  compared  with 
the  experimental  ones  at  field  points  off  the  plate  In  the  field  at  a 
radius  of  0.31  meter.  For  these  results  the  panel  was  again  divided  into 
96  elements.  With  this  method,  excellent  agreement  between  the  measured 
and  predicated  value  of  the  acoustic  potential  due  to  diffraction  is 
obtained  (Fig.  7-26  )  except  at  small  angles.  Positive  d8  values 
Indicate  attenuation  while  negative  values  Indicate  amplification.  Such 
is  the  case  for  the  'bright  spot*  on  the  axis  of  the  shadow  (0-180°). 
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To  check  the  number  of  elements  needed  for  accurate  solution,  the 
acoustic  potential  was  calculated  as  before  except  for  double  element 
size.  For  the  cases  tested  a  four-fold  reduction  in  the  number  of 
elements  does  not  appreciably  alter  the  results  except  in  the  region  near 
the  peak  behind  the  plate.  This  is  the  region  where  approximations 
(a)  and  (b)  (see  p.  123)  also  show  the  largest  discrepancy  (c.f.  Fig. 7-24). 
Table  3  lists  the  magnitude  of  the  surface  potential  jump  ,0(q1)  -  0( Q2) * 
obtained  with  N  =  96  and  N  *  24,  where  N  ■  number  of  elememts.  Because  of 
synmetry,  nly  one  half  of  the  distribution  from  one  edge  is  shown. 
Despite  the  difference  in  the  values  of  the  calculated  surface  potential 
jump,  the  final  solution  that  expresses  the  diffracted  sound  in  a 
logarithmic  reprsentation  (dB  levels)  appears  to  be  accurate  enough.  On 
a  whole,  it  appears  that  the  total  field  potential  is  adequately 
predicted  by  element  size  less  than  **/6  for  a  flat  plate. 

The  accuracy  of  the  Integral  equation  scheme  has  been  demonstrated  by  the 
thin  flat  plate  diffraction  problem.  In  the  next  section  the  same 
approach  is  adapted  to  the  more  complicated  half  round  configuration 
with  slight  modification  due  to  the  curvature  of  the  surface. 


7.5.6  Numerical  Solution  for  Half  'lound  Shields  by  Development 
of  Integral  Equation  Method  of  Terai 

For  a  general  body  surface,  it  is  possible  to  approximate  it  by  a  large 
number  of  small  plane  elements.  In  the  present  analysis,  however,  there 
is  no  real  adventage  to  implementing  this  procedure  for  solving  the 
diffraction  problem  of  a  half  round  shield.  There  are  two  reasons. 
First,  the  element  equations  can  be  readily  formulated  in  terms  of  the 
natural  coordinates.  From  experience,  this  leads  to  considerable 
simplification  in  the  analysis.  Second,  although  the  surface  can 
approximated  accurately  by  plane  elements  if  the  gridwork  is 
sufficiently  fine.  However,  the  number  of  elements  that  can  be  used  is 
limited  by  the  computer  storage  requirement.  It  is  sometimes 
impractical  to  increase  the  accuracy  by  increasing  the  number  of 
elements;  an  increase  in  the  number  of  element  by  a  factor  n  is 
2 

accompanied  by  a  N  fold  increase  in  the  size  of  the  coefficient  matrix. 
In  some  cases,  the  increase  is  in  excess  of  the  storage  space  available. 
Aside,  for  comparable  size  of  the  coefficient  matrix,  one  can  expect  a 
higher  accuracy  of  the  solution  from  the  cylindrical  coordinate 
formalism.  This  is  due  to  a  more  accurate  evaluation  of  the  kernel 
function  which  depends  solely  on  the  geometry  of  the  surface. 

In  view  of  the  above  considerations  the  element  equations  are  derived  in 
terms  of  cylindrical  coordinates.  Referring  to  Fig.  (  7-27  ),  the  half 
round  configuration  is  represented  by  the  equation  of  a  cylinder 

F(»,y)  ■  *2  *  y2  -  R?  ,  j 
where  R  is  the  raaius  of  th<  half  *_y\it>d*r. 
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The  inward  normal  at  any  point  p(x,y)  on  the  surface  is 


.  '  lr> 


In  clindrical  coordinates,  np  can  be  expressed  as  np(rnp.  9np) 
where  rnp  '  l>  8np  '  tJn_1  <VV  +  T 


Define  r  a  vector  directed  fro*  the  point  p  to  point  q 


and  where  rq  -  xq1  +  yqj  ♦  zqk 


rP  *  V  *  V  +  zPk 


The  unit  vector  r  may  be  written  as 


r  *  <  rd  '  rp>  /lrd  ■  V 


In  cylindrical  coordinates,  the  two  components  of  r  are: 

6rj  =  tin  '  C  jf]  /  Xj  ) 

2rj  =  *i/ 1  Fr'Frl 

and 

tr-yzr 

r1  rr 

erp  ,  t**- [ 

(7.5-29b  ) 

2^  -  2P/ iFj-Tj,] 

Thus,  the  dot  products  required  by  the  kernel  function  can  be  expressed 


n.-r  =  irnzl 


’[*/**/!*£«(  yay  -[-X~ —  ci>s(enrfirP) 


lrrr>i 


lrrprl 


—  [  COS  C  &np~  &rj)  -  Cos  (  ff-Kf-  ffrpj] 
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and  similarly 


*  p  -  —  [  CoS  C  Oitj-  0rj)  —  Cos  C  ~  (  7.S-30b  ) 

Tip  ■  Vf  =  COS  (  0*p-  0rf) 


(  7.5- 30c  ) 


therefore 

O^p  &  rj>  •  —  &rj  *  77~ 

This  implies 

CPS  c  9mp~9rp)  )  CPS  C  -  &rj)  "  -1 

Upon  using  Eq.  7.5-30,  we  get 

(tp-r  =  ~£[i+ct>s(erp+T-0^[i+  cescarjtir-  erf] 

=  'll  [l-R  COSCerp~0rJ)+O6XCerp-e’-l)] 


Using  Eqs.  (7.5  -  30),  the  integrals  in  Eq.  (7.5  -  13)  can  be  written 
as: 

K  -  ff^prfl  * v-  3 ikr- 3][ ; •  Vp][  fty+ [h- ify[ fy  \  Ji sf 
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(7.5  -  31) 


(  7.5- 30d) 
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The  multiple  Integral  of  Eq.  (  7.5-31  )  can  be  evaluated  by  applying 
successively  the  formula  for  one-dimensional  Integration.  Thus  the 
double  Integral  is  expressed  as 

K  =  //  }(-&■  Z)  da  dt 

where 

8l  •  *1  ti  +  Bn  f 

a.  1 

2;=  f£tj+Zf 

and  where  ,  w^  are  abscissas  and  weight  factors  for  Legendre  -Gauss 
integration. 


The  accuracy  of  this  quadrature  formula  for  two  dimensional  integration 
was  also  tested  for  the  planar  configuration  considered  earlier.  The 
calculated  results  are  extremely  close  to  the  results  from  the  line 
integral  scheme  (Eg.  7.5-18). 


When  the  points  ’p*  and  'q*  coincide,  the  kernel  is  singular,  as  is  the 
case  for  the  planar  shield.  It  Is  shown  in  Refs  (47)  and  (48)  that  the 
singular  integral  (  Eq.  7.5-13  ) 


s js, 


is  equivalent  to  the  sum  of  three  regular  integrals.  The  integral  is, 
therefore,  finite  in  spite  of  the  singular  kernel.  In  the  calculations 
performed  in  this  study,  the  surface  of  the  half  round  scoop  shield  Is 
divided  into  equal  cylindrical  elements.  If  the  mesh  used  to  approximate 
the  surface  is  sufficiently  fine,  the  surface  can  in  fact  be  fitted  quite 
well  by  planar  surface  element  in  the  neighborhood  of  each  control  point. 
Aside  from  this,  the  error  introduced  in  the  evaluation  of  the  self- 
induced  influence  coefficient  is  also  small  for  planar  element 
approximation.  For  example,  if  the  control  points  are  separated  at  12° 
intervals  in  the  circumferential  direction  of  the  scoop  shield,  this 
would  correspond  to  a  15  x  15  gridwork  subdividing  the  surface  into  225 
equal  curved  elements.  The  problem  then  requires  solution  of  a  225  x  225 
system  of  complex  equations.  A  coefficient  matrix  of  this  size  is  still 
within  the  limitations  Imposed  by  computer  storage  available.  In  the 
computation  aspect,  the  difference  in  direction  of  the  normal  near  the 
boundary  to  that  of  the  centroid  of  the  element  where  a  control  point  Is 
denoted  will  be  at  most  6°.  Thus  if  the  surface  element  is  assumed  to  be 
flat,  the  maximum  error  induced  in  the  dot  products  in  the  integrand  of 
Eq.  (7.5-13),  namely  r.np  ,  r-n^  and  ry  nq  is  not  greater  than  0.1*  and 
0.5*  respectively.  In  addition,  the  error  In  the  magnitude  of  7  is  also 
not  greater  than  0.5*.  This  suggests  that  the  local  effect  term  can  be 
estimated  with  sufficient  accuracy  by  means  of  Equation  7.5-16,  namely: 

f  -‘V"* 

K  -  -  f  — -  d*  -  *vtk 

J  m 

An  alternative  approach  to  evaluate  the  singular  kernel  is  outlined  in 
Reference  (45)  page  26,  27.  Therein  an  approximate  expression  for  the 

ise 
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local  effect  term  is  given  for  ko«l  where  1Tb2  *  S,  and  S  is  the  area  of 
an  element.  Numerical  solutions  to  various  cases  investigated  {  see 
Figure  7-28  )  using  this  approximation  for  the  self-induced  coefficient 
show  that,  on  the  average,  the  magnitude  of  the  surface  potential  is 
different  by  about  6  1  and  the  diffracted  sound  field  is  different  by 
less  than  1  dB  compared  with  the  former  approach  (i.e.  self  induced 
coefficient  evaluated  by  Eq.  7.5-16). 

Using  the  formulation  described  above  in  terms  of  integral  equations,  a 
suitable  numerical  procedure  has  been  applied  to  predict  the  total  sound 
field  due  to  diffraction  for  a  100  diameter  scoop  shield  of  length  160. 
The  point  source  is  located  at  a  certain  point  on  the  axis  of  the  scoop 
shield.  The  surface  of  the  shield  is  assumed  to  be  perfectly  reflecting. 
For  all  cases  considered,  the  predicted  results  are  compared  with 
laboratory  measurements. 

Numerical  approximation  of  the  integral  equation  is  obtained  by  sub¬ 
dividing  the  half  round  shield  into  equal  curved  elements.  A  point  is 
then  chosen  in  the  center  of  each  element  where  the  potential  will  be 
determined.  The  total  number  of  control  points  examined  are  96  and  225 
which  corresponds  to  a  12x8  and  15x15  grid  on  the  shield  surface 
respectively.  The  ratio  of  the  element  area  is  about  two  to  one. 
Solutions  to  the  diffraction  problem  thus  require  96x96  or  225x225  sys¬ 
tems  of  complex  equations.  For  the  second  approximation  (225  elements), 
computation  of  the  surface  potential  and  the  resulting  diffracted  field 
required  under  3.5  minutes  of  computing  time  on  the  U.of  T.  IBM  370 
computer.  The  storage  requirement  is  about  850  kilobytes,  which  is  below 


tne  full  capacity  of  1000  kilobytes.  These  basic  requirements  are 
indicative  of  all  cases  considered.  In  all  cases  the  integ-il  equation 
methods  are  found  to  be  adequate  within  the  frequency  range  tested.  For 
the  present  conf iguration,  the  ratio  of  wavelength/scatte'*  dimension  is 
about  0.5  to  1.5.  In  this  mid  frequency  region,  neitner  low  nor  high 
frequency  approximate  solutions  are  applicable.  A  computer  program 
listing  for  the  half  round  diffraction  problem  is  given  in  Appendix  3 
(Computer  listing  #3). 

Figure  7-28  shows  the  computed  and  the  experimental  results.  The  general 
agreement  between  the  predicted  and  measured  sound  fields  is  seen  to  be 
good  in  all  cases;  In  general,  the  finer  the  mesh  t;ie  better  the  agree¬ 
ment.  In  Fig.  7-28  a,b  the  total  sound  field  is  plotted  against  source 
positions  along  the  axis  of  the  half  :ylinder.  The  receiving  point  is  at 
90°  to  the  shield  axis,  and  the  problem  has  synrcetry  with  respect  to  the 
line  connecting  the  mid  point  of  the  shield  to  the  receiver.  For  tne  two 
frequencies  considered,  good  degree  of  synwetry  is  observed  in  the 
measured  results.  Maximum  attenuation  is  found  at  source  positions 
close  to  the  edge,  gradually  decreasing  to  a  minimum  at  tne  center. 
In  Fig. 7-28  c,d  the  curves  also  show  attenuation  versus  source  position 
but  the  receiving  point  is  at  40°  with  respect  to  the  axis  of  the  scoop 
shield.  For  this  geometry,  maximum  shielding  occurs  for  sources  located 
further  away  from  the  edges.  The  measured  shielding  fjr  ?09  Hz  at  th»s 
maximum  can  not  be  determined  accurately  from  the  recorded  spectrum  as 
the  level  is  too  close  to  the  noise  floor.  Nevertneless,  the  agreement 
is  satisfactory. 
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The  cases  considered  next  were  the  diffraction  of  spherical  waves  into  the 
region  surrounding  the  scoop  shield.  The  sound  source  is  located  at  the 
mid  point  of  the  shield  axis.  The  angular  variation  of  the  sound  field 
about  the  source  point  is  surveyed  both  in  the  shadow  and  bright  region. 
In  the  experimental  set-up,  the  source  and  microphone  are  fixed;  the 
measurement  was  carried  out  by  turning  the  scoop  shield  about  the  point 
source  every  10°.  It  can  be  seen  that  agreement  is  again  satisfactory, 
but  the  accuracy  deteriorates  as  the  frequency  increases.  It  should  be 
noted  that  the  surface  potential  distribution  is  obtained  by  solving  the 
matrix  equation  with  certain  Input  vectors  which  depend  on  the  source 
position.  Hence  the  accuracy  of  the  subsequent  calculation  of  the 
directivity  pattern  is  largely  dictated  by  the  accuracy  of  the 
calculated  surface  potential.  The  general  shape  of  the  curve  for  the 
1000  Hz  case  is  similar  to  that  of  a  flat  shield.  The  first  peak  at  20° 
is  compatible  with  the  corresponding  peak  calculated  for  flat  plate 
geometry.  This  points  out  possible  error  in  Terai's  measurement  in  this 
range  (Fig.  7-26).  Maximum  attenuation  occurs  at  the  same  direction  (0 
*40°)  into  the  shadow  region  for  both  flat  and  curved  configurations.  In 
the  region  between  0=30°  and  90°  and  directly  behind  the  shield  at 
6*180^,  the  results  for  the  curved  shield  are  somewhat  different  from 
those  of  the  planar  shield  because  of  diversified  shielding  geometry  and 
hence  diffraction  effects.  In  the  planar  configuration,  the  source  Is 
closer  to  the  shield  than  the  receiver,  hence  the  diffraction  pattern  Is 
expected  to  be  different  to  some  degree.  The  curved  shield  shows  less 
local  maxima  or  minima  and  the  sound  field  In  the  region  directly  behind 
the  shield  Is  not  higher  than  It  would  be  if  there  were  no  shield.  The  so- 
called  Arago's  spot  appears  to  be  a  phenomenon  characteristic  of  flat 


surfaced  obstacles  with  no  curvatures  such  as  thin  plate,  disk,  and 
parallelpiped  (Ref.  49). 
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8. 


CONCLUDING  REMARKS 


The  present  study  is  aimed  at  the  exploration  of  shielding  concepts  in 
jet  noise  reduction.  A  variety  of  shielding  configurations  have  been 
examined  experimentally  and  analytically. 

The  extensive  collection  of  measurements  suggests  that  two  factors  limit 
tne  effectiveness  of  the  shields:  namely,  the  finite  size  of  the  shield 
and  the  source  distribution  in  a  jet  flow.  The  former  in  conjunction 
with  the  non-compactness  of  the  source  region  allows  some  direct  radiat¬ 
ion  to  be  received  at  most  observer  positions.  Furthermore,  the  source 
distribution  along  the  jet  axis,  as  well  as  the  >'ery  nature  of  diffr¬ 
active  barriers,  favours  noise  reduction  only  at  moderate  and  high 
Strouhal  numbers.  In  order  to  be  effective  barriers  must  be  large  and 
close  to  either  the  source  or  the  observer.  When  a  barrier  is  moved 
sufficiently  close  to  the  jet  flow  intensive  'edge  noise'  is  generated. 
This  severely  limits  the  shield  length,  and  hence  the  effective  shield¬ 
ing  that  can  be  obtained.  A  hyperbolic  cutout  allows  the  barrier  length 
to  be  increased  without  unduly  enhancing  the  edge  noise.  Such  configur¬ 
ations  offer  significant  improvement  over  a  strai ghtedged  barrier  gener¬ 
ating  comparable  edge  noise.  A  localized  wing  extension  of  the  cutout 
configuration  attains  similar  noise  suppression  with  a  smaller  shield 
area. 

‘ompos i te  shields  that  extend  the  effective  length  of  a  shield  by  means 
of  a  hot  refractive  layer  have  also  been  examined,  for  example  an  array 
of  flames  emanating  from  the  trailing  edge  of  a  shield  constitute  a 


refractive  extension  of  the  shield.  As  a  sound  barrier  it  has  only  a 
limited  effective  downstream  length.  This  is  due  to  the  entrainment  of 
colder  air  that  progressively  weakens  the  refractive  capability.  This 
shielding  configuration  results  in  a  marginal  increase  in  shielding  at 
high  frequencies,  suggesting  a  potential  for  significant  increase  in 
shielding  capability  If  a  large  flame  mass  flow  can  be  generated. 
Spectral  measurements  show  that  this  scheme,  where  the  burning  occurs 
near  the  turbulent  jet,  suffers  at  low  frequencies  from  spurious  or  extra 
noise  due  to  jet/flame  interaction. 

On  the  whole,  the  measured  insertion  loss  or  overall  decrease  in  the 
sound  pressure  level  has  not  been  spectacular.  It  is  of  the  order  of  3 
to  4  dB  in  the  direction  of  peak  noise,  depending  on  the  particular 
configuration.  Scoop  shields  offer  comparable  reduction  at  a  signifi¬ 
cant  savings  of  materiel.  The  10  D  and  15  0  shields  provide  peak 
broadband  reduction  of  4  dB.  Maximum  reduction  of  5  dB  is  obtainable  at 
a  shield  length  of  20  D.  Nevertheless,  owing  to  the  frequency  sensit¬ 
ivity  of  the  ear,  the  subjective  impact  on  perceived  noise  level, 
measured  in  PNdB  is  more  impressive.  On  the  average  a  5  to  6  drop  in  PN 
dB  level  has  been  measured.  More  Importantly,  up  to  66%  decrease  in  the 
area  of  certain  equal  PNdB  contours  (‘noise  footprints')  for  simulated 
flyover  situations  has  been  demonstrated. 

There  are  several  factors  that  influence  the  relatively  poor  performance 
of  the  shields.  The  edge-noise  phenomenon  appears  to  be  a  principal 
agent.  The  shield  effectively  acts  as  a  sounding  board  for  the  nearfield 


pressures.  The  largest  portion  of  these  are  otherwise  nonradiating  and 
therefore  would  not  normally  contribute  to  the  far  field  sound. 

Secondly,  the  extended  nature  of  the  jet  flow  gives  rise  to  a  spatial 
distribution  of  noise  sources.  This  results  In  an  unfavourable  diffr¬ 
action  effect  which  Is  dominated  by  the  lowest  Fresnel  number:  the  high 
frequency  noise  source  generated  close  to  the  nozzle  will  suffer  sub¬ 
stantial  shielding,  whereas  the  low  frequency  noise  generated  in  the 
downstream  region,  possibly  close  to  the  shield  edge,  is  affected  by 
diffraction  only.  Furthermore,  due  to  the  non-uniform  directivity  of 
the  jet  noise  pattern,  the  low  frequency  sound,  which  has  a  directional 
maximum  at  small  angles  to  the  jet  axis,  is  the  principal  source  of 
incident  waves  diffracted  by  the  shield  edge. 

The  low  frequency  augmentation  of  jet  noise  (edge  noise)  Is  found  in 
almost  all  shielded  jet  noise  spectra.  The  peak  noise  level  of  this 
effect  has  a  fifth  power  velocity  dependence,  a  trend  characteristic  of 
dipole  sources  for  two  dimensional  configurations.  The  nearfield  mea¬ 
surements  of  the  low  frequency  augmentation  level  at  the  shield  trailing 
edge  show  a  one-to-one  correspondence  with  the  far  field  measurements. 
The  experimental  validation  of  the  noise  scaling  law  shows  quantitative 
agreement  with  the  predictions. 

The  experimental  work  Is  complemented  by  a  programme  directed  at  the 
prediction  of  the  acoustic  performance  of  shields.  This  is  broadly 


divided  into  an  engineering  approach  for  jet  noise  shielding  and  a  more 
rigorous  analysis  for  point  source  shielding.  The  former  approach 
starts  with  measurements  (or  prediction)  of  the  shielding  of  'point 
sources’  as  function  of  frequencies  and  positions  along  the  jet  axis. 
For  the  specified  source  pattern  of  jet  noise  the  results  are  smimed  in 
such  a  way  as  to  give  the  overall  attenuation  of  the  jet  noise  at  each 
frequency.  A  scheme  for  extraction  of  edge  noise  could  also  be  incor¬ 
porated.  On  the  whole,  the  predicted  augmentation  and  shielding  effects 
are  found  to  be  in  reasonable  agreement  with  measured  spectra  if  the 
principal  features  of  flow  noise  generation  and  diffraction  are  accounted 
for. 

For  point  source  shielding  theoretical  calculations  based  on  the  exact 
solution  for  a  half -plane  are  successful  for  simple  planar  shield  con¬ 
figurations.  The  line  integral  approach  involving  the  Kircbhoff  approx¬ 
imation  results  In  large  error.  However,  reasonable  predictions  for 
rectangular  conf Iguratlons  Including  cutouts,  are  possible  if  certain 
corrections  are  applied.  Integral  equation  methods  (solved  numerically) 
are  considered  for  more  demanding  geometries  such  as  half  round  sugar 
scoop  shields.  A  computer  code  has  been  developed  to  deal  with  problems 
of  diffraction  by  thin  obstacles.  Generally  speaking,  the  method  is 
found  to  give  satisfactory  agreement  with  measurements  within  the 
frequency  range  examined. 
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TABLE  1 

Comparison  between  exact  ( A^)  and  asymptotic  (Absolution  computed 
for  thin  barrier 


0  =  40°, 

f  =  4  kHz 

o 

o 

a> 

f=  8  kHz 

N 

kRj 

A(e)(dB) 

A(a) 

N 

kRj 

A(e)(d8) 

A(a)(dB) 

i.  14 

121.6 

12.67 

12.64 

2.27 

243.2 

15.50 

15.43 

1.03 

118.9 

12.37 

12.35 

2.06 

240.5 

15.20 

15.18 

0.92 

117.5 

12.04 

12.02 

1.85 

237.8 

14.83 

14.86 

0.82 

116.2 

11.69 

11.66 

1.63 

235.1 

14.44 

14.42 

0.71 

114.8 

11.29 

11.27 

1.42 

232.4 

14.01 

13.91 

0.60 

113.5 

10.85 

10.83 

1.20 

229.7 

13.52 

13.40 

0.49 

112.2 

10.36 

10.33 

0.99 

227.0 

12.97 

12.89 

0.39 

110.9 

9.79 

9.76 

0.78 

224.4 

12.29 

12.28 

0.29 

109.6 

9.13 

9.11 

0.57 

221.8 

11.48 

11.47 

0.19 

108.4 

8.37 

8.35 

0.38 

219.3 

10.50 

10.49 

0.11 

107.2 

7.46 

7.44 

0.21 

216.8 

9.26 

9.29 

0.04 

106.2 

6.36 

6.35 

0.08 

214.5 

7.70 

7.70 

0.00 

105.3 

5.04 

5.03 

0.01 

212.4 

5.72 

5.72 

0  =  90°, 

f  =  4  kHz 

0  =  90°, 

f  =  8  kHz 

N 

kRj 

A(e)UB) 

A(a)(dB) 

N 

.  kRx 

A(e)W 

A(a)(dB) 

6.14 

138.4 

19.52 

19.38 

12.29 

276.8 

22.53 

22.50 

5.70 

137.0 

19.17 

19.08 

11.40 

274.1 

22.16 

22.14 

5.25 

135.7 

18.81 

18.71 

10.51 

271.3 

21.85 

21.75 

4.80 

134.3 

18.41 

18.23 

9.61 

268.6 

21.38 

21.32 

4.35 

133.0 

17.99 

17.92 

8.70 

265.9 

20.99 

20.86 

3.90 

131.6 

17.92 

17.54 

7.79 

263.2 

20.50 

20.36 

3.44 

130.3 

17.00 

16.92 

6.88 

260.6 

20.00 

19.84 

2.98 

129.0 

16.45 

16.38 

5.96 

257.9 

19.42 

19.27 

2.52 

127.7 

15.82 

15.76 

5.05 

255.3 

18.79 

18.65 

2.07 

126.4 

15.09 

14.98 

4.14 

252.8 

18.05 

18.06 

1.63 

125.2 

14.25 

14.24 

3.26 

250.4 

17.18 

17.15 

1.20 

124.0 

13.25 

13.25 

2.40 

248.0 

16.14 

16.07 

0.80 

123.0 

12.04 

12.01 

1.60 

245.9 

14.79 

14.71 

0.45 

122.1 

10.50 

10.47 

0.89 

244.2 

13.05 

13.00 

0.18 

121.5 

8.54 

8.52 

0.35 

242.9 

10.60 

10.57 

too 


TABLE  2-A 

Numerical  Results  for  Cutout  Configuration  via  Line  Integral 


Correction 
based  on 
shortest 


X/D 

Frequency 

(HZ) 

Uncorrected 

results 

(dB) 

diffracting 

path 

(dB) 

Corrected 

results 

(dB) 

Measurements 

(dB) 

3 

8K 

37.6 

-6.2 

31.4 

27.5 

6K 

31.8 

-6.2 

25.6 

25.0 

4K 

27.3 

-6.3 

21.0 

21.0 

5 

8K 

33.3 

-5.3 

28.0 

23.0 

6K 

29.1 

-5.3 

23.8 

21.4 

4K 

24.7 

-5.3 

19.4 

16.5 

7 

8K 

25.1 

-3.3 

21.8 

19.5 

6K 

24.1 

-3.7 

20.4 

18.0 

4K 

20.6 

-3.8 

16.8 

13.0 
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TABLt  2-8 


numerical  Results  for  Cutout  Configuration  via  tine  Integra) 


Correction 


i/o 

Frequency 

(Hz) 

Unconnected 

results 

(<38) 

based  on 
average 
performance 
(dB) 

Corrected 

results 

(dB) 

Measurements 

(dB) 

3 

8K 

37.6 

-7.1 

30.5 

27.5 

6K 

31.8 

-7.2 

24.6 

25.0 

4K 

27.1 

-7.2 

20.1 

21.0 

s 

8K 

33.3 

-6.5 

26.8 

23.0 

6K 

29.1 

-6.5 

22.6 

21.4 

4K 

24.7 

-6.6 

18.1 

16.5 

7 

8K 

25.1 

-5.4 

19.8 

19.5 

6K 

24.11 

-5.6 

18.5 

1S.0 

4K 

20.6 

-5.6 

15.0 

13.0 

TABU  3 


Magnitude  of  the  Surface  Potential 
(»(q1)-0(q2))  On  Plate 


.343 

.333 

.313 

.282 

.238 

.169 

.524 

.507 

.473 

.422 

.348 

.236 

.640 

.618 

.575 

.508 

.415 

.279 

96  elements 

.696 

.674 

.625 

.551 

.447 

.298 

(12  *  8) 

.698 

.674 

.625 

.551 

.447 

.296 

.640 

.618 

.575 

.508 

.415 

.279 

.524 

.507 

.473 

.422 

.348 

.238 

.343 

.333 

.313 

.282 

.238 

.169 

.459 

.406 

.292 

24  elements 

.660 

.575 

.396 

(6  .  «) 

.660 

.575 

.396 

.459 

.406 

.292 
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EFFECTIVE  BARRIER  HEIGHT  (NON  DIMENSIONAL) 


FIG.  2.1  NOISE  REDUCTION  BY  BARRIER  PLACED  BETWEEN  NOISE 
SOURCE  AND  RECEIVER  (Ref.  54) 


FIG.  2.2  GEOMETRIES  OF  SOUND  SOURCE  AND  RECEIVER  FOR 
IDENTICAL  DIFFRACTIVE  ATTENUATION 


FIG.  2.3  GEOMETRY  OF  SOUND  PROPAGATION  PATH  OVER  A  BARRIER 
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FIG.  2-4  BLOCK  DIAGRAM  OF  INSTRUMENTATION  FOR 
SHIELDING  MEASUREMENTS 


FIG.  2-6  GEOMETRY  FOR  SCATTERING  BY  A  HALF  PLANE 


LOW  FREQUENCY  EDGE  NOISE  GENERATED  BY  PROXIMITY 
OF  FLOW  AND  SOLID  BARRIER 
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FIG.  2-8  PEAK  SPECTRAL  INTENSITY  OF  EDGE  NOISE  (0:0(5) 

(^90*) 
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FIG.  2-9a  FAR  FIELD  PEAK  FREQUENCY  AND  NEAR  FIELD  PEAK 
FREQUENCY  OF  EDGE  NOISE 
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FIG.  2-9b  SHIFT  IN  NEAR  FIELD  PEAK  FREQUENCY  OF  EDGE  NOISE 
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FIG.  2.10b  BOUNDARY  OF  CONE  LIMIT  FOR  <  1  dB  INTERFERENCE  , 


M.  =  0.6 
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(  Ref.  17  ) 


ATTENUATION 


FIG.  2-Ila  EFFECT  OF  EDGE  NOISE  ON  SHIELDING  PERFORMANCE  OF 
PLANAR  CONFIGURATION  ;  IVL  =  0.6  ,  (f>=  90° 


FIG.  2-1  lb  SOUND  ATTENUATION  MEASURED  BY  SEMI-INFINITE 
RECTANGULAR  SHIELD 
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PIG. 2- 12 


SHIELDED  SPECTRAL  TRENDS  OF  RECTANGULAR  SHIELDS 
WITH  HYPERBOLIC  CUTOUTS  (h/D  =■  1.5) 
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FIG. 2-12 


SHIELDED  SPECTRAL  TRENDS  OF  RECTANGULAR  SHIELDS 
WITH  HYPERBOLIC  CUTOUTS  (h/D  -  1.5) 
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SHIELDING  CHARACTERISTICS  FOR  CUTOUT  CONFIGURATION, 
'TRIMMED'  EXTENSION  PROVIDE'  COMPARABLE  PERFORMANCE 


FIG.  2-16  NOISE  LIMIT  IMPOSED  BY  FAR-36  (  Ref.  21  ) 


FIG.  2-17  TYPICAL  SUGAR  SCOOP  SHIELDS 

(5,  10,  15D  DIAMETER) 
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FIG.  2-18  SHIELDING  PERFORMANCE  OF  5  D  SCOOP  SHIELD 
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F|Q2-20a  VIEW  OF  SOLID  (SCOOP)  SHIELD  PLUS  HOT  GAS  LAYER 

IN  OPERATING  MODE 


FIG.  2-20 b  6E0METRY  OF  THE  BURNING  CONE  FOR  ESTIMATION  OF  FLAME  SPEED 
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FIG.  2-22  JET  NOISE  SHIELDING  WITH  10D  DIAMETER 
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FIG.  2-23 


JET  NOISE  SHIELDING  WITH  5D  DIAMETER 
SOLID  (SCOOP)  SHIELD  PLUS  HOT  GAS  LAYER 
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PIG. 2-23  JET  NOISE  SHIELDING  WITH  50  DIAMETER 

SOLID  (SCOOP)  SHIELD  PLUS  HOT  GAS  LAYER 
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FIG.  2-25  COMPARISON  OF  SHIELDING  CHARACTERISTICS  FOR  VARIOUS 
CONFIGURATIONS 
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JET  NOISE  SCALING  SCHEME 
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FIG.  4-4  DIMENSIONLESS  POWER  SPECTRUM  FOR  SUBSONIC  3ET 


FIG.  5-1  CONTOURS  OF  EQUAL  LOUDNESS  (  Ref.  34  ) 


FIG.  5-2  EQUAL  NOISINESS  CONTOUR  (Ref.  34) 
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FIG.  5-3  GEOMETRY  FOR  TAKE-OFF  PROCEDURE  AND  GRID  POINTS 
ON  GROUND  PLANE  FOR  FOOTPRINT  CALCULATIONS.  THE 
GROUND  RUN  IS  NEGLECTED,  AND  THE  JET  AXIS  IS  TAKEN 
TO  BE  ALIGNED  WITH  THE  FLIGHT  PATH 


Flow  Chart  for  Ground  Contour  Calculations 


The  circled  number  in  the  boxes  refer  to  sets  of  equations  in  Appendix  C 


FIG.  5-H 
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FINITE  BARRIER 


FIG.  6-5  PHASE  AVERAGED  OUTPUT  FROM  PULSED  SIGNAL 
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FIG.  6-8  SOUND  ATTENUATION  OF  A  SEMI-INFINITE  BARRIER 
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FIG.  6-9 


SOUND  ATTENUATION  OF  A  SEMI-INFINITE  BARRIER 
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FIG.  6-10  EFFECT  OF  ACOUSTIC/FLOW  INTERACTION 
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FIG.  6-14  GEOMETRIES  A  AND  B  PROVIDE  SIMILAR  INSERTION  LOSS  FOR 
POINT  SOURCE.  THIS  IS  USED  AS  A  FIRST-CUT  APPROXIMATE 
SCHEME  FOR  THE  EXTRACTION  OF  INTERFERENCE  EFFECT  FOR 
JET  NOISE  SHIELDING 
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FIG.  6-15  EXTRACTION  OF  EDGE  NOISE:  DIFFERENCE  IN  SPECTRUM 
LEVELS  BETWEEN  GEOMETRIES  A  AND  B  IN  FIG.  6-14  IS  THE 
EDGE  NOISE 
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FIG.  7-2 


GEOMETRY  OF  SEMI-INFINITE  BARRIER  SHIELDING 
OF  POINT  SOURCE  IN  CYLINDRICAL  COORDINATES 


FIG.  7-t  (A)  PERSPECTIVE  VIE#  OF  A  BARRIER 

(B)  PROJECTION  ON  THE  X-Z  PLANE  (  Ref.  61  ) 


FIG.  7-5  ATTENUATION  OF  SOUND  FROM  A  POINT  SOURCE  BY  RIGID 
BARRIER  AS  A  FUNCTION  OF  FRESNEL  NUMBER  (  Ref.  60  ) 


MEASUREMENT 


DIFFRACTION  BY  A  HALF  PLANE. 

COMPARISON  BETWEEN  MEASUREMENT  AND  THEORY  (E IQ.  7.2-7) 


FIG.  7-9a  MEASURED  INSERTION  LOSS  OF  A  SEMI-INFINITE  BARRIER  AS  A  FUNCTION 
OF  FRESNEL  NUMBER  FOR  ALL  NINE  CASES  OF  FIG.  7-7  SUPERPOSED. 
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FIG.  7 -9b  CALCULATED  THEORETICAL  ATTENUATION  (EQ.  7.2-7)  vs  FRESNEL 
NUMBER  FOR  ALL  NINE  CASES  OF  FIG.  7-7  SUPERPOSED.  SCATTER 
BAND  ARISES  FROM  UNCONTROLLED  VARIATION  OF  THE  WEAK  PARAMETERS. 
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FIG.  7-11  COMPARISON  OF  EXPERIMENTAL  SHIELDING  OF  POINT  SOURCE  WITH 
THEORETICAL  SHIELDING  (EQ.  7.2-7)  FOR  SEMI-INFINITE  BARRIER 
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FIG.  7-12a  COMPARISON  OF  POINT  SOURCE  SHIELDING  MEASUREMENTS  WITH  VARIOUS  PREDICTIONS 


COMPARISON  OF  POINT  SOURCE  SHIELDING  MEASUREMENTS  WITH  VARIOUS  PREDICTIONS 
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FIG.  7-13  PLOTS  OF  ATTENUATION  (CALCULATED  BY  EXACT  SOLUTION, 
EQ.  7.2-7)  vs.  DIFFRACTION  ANGLE  FOR  DIFFERENT  VALUES 
OF  FRESNEL  NUMBER  N  AND  SOURCE  ANGLE  9.  IN  REFERENCE 
TO  THE  BARRIER  PLANE.  DASHED  LINES  SHOW°APPROXIMATE 
SOLUTION  BY  EQ.  (7.3-4). 


FIG.  7-14  SCHEMATIC  DIAGRAM  SHOWING  COORDINATE  SYSTEM 
AND  PARAMETERS  USED  IN  EQ.  7.5-2  (Ref.  62  ) 
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FIG.  7-19  DIAGRAM  OF  A  HYPERBOLIC  CUTOUT  CONFIGURATION: 

EACH  LINE  ELEMENT  dl  CAN  BE  INTERPRETED  AS  PORTION 
OF  A  STRAIGHTEDGED  BARRIER  OF  CERTAIN  EFFECTIVE 
HEIGHT  'h' 


ATTENUATION  ATTENUATION 


2  4  6  8  10  12  14  x/D 


FIG.  7-21  EXPERIMENTAL  AND  THEORETICAL  SHIELDING  FOR  FINITE 
RECTANGULAR  SHIELD 
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Fig.  7-22a  GEOMETRICAL  QUANTITIES  FOR  CALCULATION 
OF  POTENTIAL  AT  p  DUE  TO  SOURCE 
LAYER  ON  ELEMENT  q. 
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FIG.  7-22b  DISCRETIZATIONS  FOR  ACOUSTIC 
DIFFRACTION  PROBLEM 


FIG.  7-23a  GEOMETRY  FOR  AN  ARBITRARY  SURFACE  ELEMENT 
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COMPARISON  OF  PREDICTED  AND  MEASURED  CHANGE  IN  SPL 
RF  FREE  FIELD  FOR  A  RIGID  PANEL 
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COMPARISON  BETWEEN  CALCULATED  AND  MEASURED  POINT 
SOURCE  INSERTION  LOSS  FOR  10D  DIAMETER  SCOOP  SHIELD 
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FIG.  7  -  28  C,  D  COMPARISON  BETWEEN  CALCULATED  AND  MEASURED  POINT 
SOURCE  INSERTION  LOSS  FOR  10D  DIAMETER  SCOOP  SHIELD 
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FIG.  7  -  28  E,  F  COMPARISON  BETWEEN  CALCULATED  AND  MEASURED  POINT 
SOURCE  INSERTION  LOSS  FOR  10D  DIAMETER  SCOOP  SHIELD 


APPENOIX  A 


(A)  REFLECTION  AND  REFRACTION  OF  SOUND  WAVES  AT  AN  INTERFACE. 


Consider  a  plane  harmonic  sound  wave  of  frequency  to  incident  at  an 
angle  8j  (Fig.A-1)  to  the  vertical  upon  an  interface  separating  two  half 
spaces  of  characteristic  impedance  fjCj  and  ?2CZ  respectively.  The 
boundary  conditions  at  the  interface  are 

(I)  continuity  of  pressure 

(II)  equality  of  normal  component  of  particle  velocity 
There  will  be  a  reflected  wave  at  angle  0j  to  the  vertical  in  medium  I  and 
a  transmitted  (refracted)  wave  at  angle  8^  to  the  vertical  in 
medium  II.  Straight  forward  analysis  using  (I)  and  (II),  yields 

40  <A-l> 

(ii)  kj  sin  0j  =  sin  02  (Snell's  law)  (a- 2) 

along  the  boundary,  ((i)  and  (ii)  implies  common  angular  frequency  and 
the  continuity  of  the  component  of  wave  number  along  the  interface). 
Further  applications  of  (i)  and  (ii)  result  in  expressions  for  the 
reflected  amplitude  R  and  transmitted  amplitude  T.  After  some  work. 


m  cos  n2  -  sin20j 

m  COS0J  ♦  4  -  sin 


and  T  *  (  1  ♦  R  )  /  m  ,  where  m  =  f  ?  /  f  j .  CA-4 ) 

n  *  C./C.  *  *",i/sin». 

Define  Zj-  fjCj/cos  9j  Zj”  cos  ®2  •  The  reflected  amplitude  R 

can  be  written  as 

*  *  cz2  -  zp/Ui  ♦  z*)  ,A.5) 


tq.  (A-3)  indicates  the  possibility  of  complete  reflection  if  c,>c,. 


hence  n<l  (n  =  sin  9^/sin  8^  =  Cj/C^  1  index  of  refraction).  If  the 
angle  of  incidence  satisfies  the  condition  sin  8j>n,  R  becomes  complex 
and  |  R  |  *  1.  which  indicates  complete  reflection  of  incident  wave. 


This  simple  analysis  serves  to  illustrate  the  major  concept  of  a 
reflective  gas  layer  shield.  A  layer  of  gas  with  higher  sound  speed  than 
the  medium  of  the  jet  will  partially  shield  an  area  below  it.  The 
situation  will  become  more  complex  when  the  reflective  layer  is  of  finite 
thickness  and  the  medium  is  in  motion.  For  layered  media,  it  can  be 
shown  that  the  reflection  and  transmission  coefficients  are  freguency 
dependent  (Ref.  64), and  in  general,  both  coefficients  will  show  a  series 
of  maxima  and  minima  as  a  function  of  frequency  at  a  particular  angle  of 
incidence.  The  frequencies  and  amplitudes  of  the  maxima  and  minima  will 
also  be  functions  of  the  angle  of  incidence. 


'■*)  REFLECTION  m  TRANSMISSION  OF  SOUND  NaVFS  IN  I  AVFRFn  MFilliM  in 
RELATIVE  MOTION - - - L-L - — 


In  case  there  is  relative  motion  between  the  two  media,  Ribner  Ref.(  ?6  ) 
and  Miles  (Ref.  27)  have  generalized  the  second  boundary  condition  as 
given  in  (A)  to 

(11  a)  Cantinjitv  if  the  narmll  component  of  particl*’  lit- 
placement  across  t*v?  interface. 


Equality  of  trace  velocity  on  the  interface  yields 


Cj  esc  0|  -  U  *  C2  esc  02  *  v 

Here  U  is  the  relative  velocity  of  the  upper  medium  to  lower  in  the 
direction  of  the  incident  sound  rays.  The  boundary  conditions  II  and  I la 
are  equivalent  when  U  =  0,  but  differ  when  U  t  0.  Earlier  workers  on  the 
problem  erred  in  using  boundary  condition  (II).  The  equality  of  wave 
number  component  along  the  boundary  implies 
kjsin  0j  *  kpsin  02  =  m 

Thus,  common  angular  frequency  (  to  «  mv  )  requires 
k,(cj+  VjSin  0j)  »  k2(c2>  v2sin  02) 

The  above  expressions  are  the  equations  of  constraint.  Together  with  the 
appropriate  boundary  conditions,  Teh  (Ref.  31)  has  generalized  the  above 
equations  to  sound  incident  on  a  two  dimensional  moving  gas  layer  (jet) 
(Fig.  A ~2a)  that  can  be  used  to  model  a  fluid-layer  acoustic  shield.  He 
originally  used  the  incorrect  B.C.(Il),  but  later  corrected  on  advice 
from  Ribner.  The  resulting  complex  reflection  and  transmission 
coefficients  are: 

R=  gMaAt*e°[U-r,T* 

[(M-r.Jl)  d ur,tR)sinCk,4e*s^] 


T 


i  ktJ  ccs  9 1 

2  e _ _ _ 


fl  0X Sin  2  $0 


fx  .  AC,1  Sin  29^ 


Fig.(  A-2  )  shows  the  transmission  loss  as  a  function  of  the  different 
parameters  of  the  medium.  The  values  of  f  and  c  of  the  media,  the 
thickness  d  and  the  velocities  all  affect  the  transmitted  amplitude  T, 
Also,  increasing  Vj ,  c^,  d,  and  decreasing  the  incident  angle  towards  the 
glancing  direction  all  results  in  predicted  increased  shielding. 
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FIO.  A-l  THE  REFLECTION  AMD  TRANSMISSION  OF  A  SOUND 
tfAVE  AT  A  BOUNDARY 


FIG.  A-2  b  PREDICTED  SHIELD  CHARACTERISTICS  (Ref.  30) 
(  t*  ,  M-  =  0  ,  and  C,/C  =  1  ) 
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APPENDIX  3 


The  following  procedure  illustrates  the  evaluation  of  PN  d8  from  octave 
band  SPL  by  means  of  the  constants  shown  in  Fiq.  B-3. 


MATHEMATICAL  FORMULATION  OF  THE  HOT  TA8LES  FOR  PN  d6  CALCULATIONS  BY 
COMPUTERS  (REF.  35) 


0)  Input  data  consists  of  8  octave  band  SPL  values  at  corresponding 
centre  frequencies  from  6'  to  8000  Hz. 


The  subjective  sensation  of  loudness  of  a  complex  noise  signal  is 
evaluated  from  the  octave  band  sound  pressure  levels  of  the  noise  at 
centre  frequencies  of  63,  125,  250,  500,  1000,  2000,  4000,  and  8000  Hz. 
According  to  Fig.  (  5-2  ),  each  octave  band  has  a  loudness  index  (NOY 
value)  depending  on  the  sound  pressure  level  and  frequency.  To  implement 
this  into  a  computer  code  for  calculating  PN  dB  levels,  a  table  of  NOY 
values  (Fig  B-l)  can  be  stored  in  the  computer.  This  is  inefficient  in 
terms  of  both  computer  storage  and  time.  An  alternative  is  a  math¬ 
ematical  formulation  of  the  NOY  tables. 

The  feasibility  is  apparent  if  the  NOY  tables  are  plotted  as  sound 
pressure  level  log1Q  (NOY):  a  series  of  straight  lines  are  obtained 
(Fig.  B-2  ).  For  frequency  bands  with  centre  frequency  f  such  that 
50<fc<315  Hz,  and  6300<fc<1000  Hz,  the  plots  appear  to  consist  of  two 
intersecting  straight  lines.  Whereas  for  400<fc<500  Hz,  a  single 
straight  line  is  adequate.  Hence,  by  specifying  the  slope  and  the 
intercept  of  the  straight  lines  for  different  bands  (Fiq.  B-3  ),  a 
mathematical  formulation  of  the  NOY  tables  is  possible. 


(2)  Each  octave  band  SPL  value  is  then  converted  into  NOY  values 
according  to 


NOY  .  l0"(SPL-S) 

where  values  of  M  and  5  depend  on  band  centre  frequency  as  well  as  SPL 
magnitude  as  indicated  in  Fig.  8-3.  For  band  centre  frequencies  such  as 
fc  i  250  or  >  8000  Hi 
If  SPL  <  L 

NOY  =  10VSPL-V 

If  SPL  >  L 

NOY  =  KrVSPI--S?> 

For  500  <  fc<4000  Hz 


(3)  The  DOT  values  Tor  all  8  octave  bands  are  then  converted  tnto 
perceived  noise  level  (PNL)  according  to 


Io910  ♦  0-3  (  *x  »,  -  %  ) 

cm  •  «0  ♦ _ 1  ■  l _  Ph  OB 

0.03 

Miere  IN  -  siaeaatlon  of  all  NOV  values  for  all  8  octave  bands 
N^  »  Mshmaa  NOT  value  In  the  octave  bands. 


Nor  wVoo 


FIG.  B-2  PLOTS  OF  SPL  vs  NOY  VALUES  FOR  VARIOUS  FREQUENCIES 
(  Ref.  35  ) 
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where  Af,  •  slope  of  first  line  to  intersection  at  Lt 

Afj  -  slope  of  second  line  from  intersection  at  L, 

St  -  intersection  of  first  line  on  the  SPL  axis, 

5,  ••  intersection  of  second  line  on  the  SPL  axis, 

L  “  SPL  ordinate  of  intersection, 

Noy  «■  Antilog,,  M(SPL  -  5)  with  suffices  as  appropriate. 

My  S,  -  V/2  S, 

Af, -Mt  * 


Band  Centre 
freq.(Hz) 

M1 

S1 

L 

M2 

63 

.040570 

60 

85.9 

.030103 

51 

125 

.035336 

51 

79.8 

.030103 

46 

250 

.032051 

44 

74.9 

.030103 

42 

500 

.030103 

40 

1000 

.030103 

40 

2000 

.029960 

32 

4000 

.029960 

29 

8000 

.042285 

37 

44.3 

.029960 

34 

FIG.  B-3  TABLE  OF  CONSTANTS  FOR  PN  dB  CALCULATIONS  (Ref.  35) 


APPENDIX  C 

EQUATIONS  AND  PROCEDURES  FOR  GROUND  CONTOUR  CALCULATIONS 
(  RE  s  FLO#  CHART  ,  FIG.  5.*  ) 

(T)  Equation  of  flight  path 
X  =  vt  cos  7 
Y  *  y 

2  *  vt  sin  7 
where  V  ■  aircraft  speed 

(?)  Coordinates  of  grid  point  on  ground  plane  reference  to  aircraft 
frame  0*. 


Rotate  about  the  Yj  axis  to  obtain  coordinate  relative  to  coordinate 
system  with  ^aligned  with  the  jet  axis 

%2  ~  Xj  cos  7  ♦  Zj  sin  7 

Vr  1 

I2  s  cos  7  -  Xj  sin  7 


(I)  Coordinate  transformation  (X?  f2  R,  9,  »  ) 


(J)  The  levels  at  points  Intermediate  to  data  points  are  estlieated 
by  means  of  a  two  dimensional  cubic  spline  Interpolation  scheme. 

*  (Actually  measured  values  are  P^(R0.*1 .  »j) 
xbere  81  -  20°,  30°,  40°.  50°,  60°,  70°.  80°,  90° 

■  0°,  15°,  30°,  45°,  60°,  75°.  90° 


MICROPHONE  POSITION  IN  TERMS  OF  r,«,u  OVER  A  HEMISPHERICAL 
SURFACE  CENTERED  AT  THE  3ET  NOZZLE. 

SIDELINE  PLANE  V  ’  0* 

FLYOVER  PLANE  f  -  90° 
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APPENDIX  D 

SYNTHESIS  OF  THE  JET  NOISE  SH1ELQ1NG  FROd  POINT  SOURCE  SHIELDING 

Let  p  (0)  be  the  unshielded  jet  noise  level  corresponding  to  a  particular 
observation  angle  0  and  frequency  f^. 

pz(9)  •  JJ+ifj.a.x)  dfj  d« 

where  <t>(f1,0,x)  Is  the  source  intensity  distribution  as  function 
of  frequency  and  distance  'x*  along  the  jet  axis  (Fig.  D-i  ) 

Similarly,  the  corresponding  shielded  level  can  also  be  expressed 
as 

P2sh(0)  *  ♦(fpM)  dfj  dx 

where  ♦(fl,0,x)  is  the  equivalent  shielded  intensity  distribution 
(Flg.D-l  ) 

For  a  particular  source  position  x^  and  frequency  f^,  one 

can  express  the  observed  attenuation  A  dBi  as 

Atten.  dB(fp9,Xf)  •  AdBi  *  10  log 

or  *.  I  -  (lO  -  AdBi  I 

'  If,  V  >  If, 

Let  £*(fl*xi’e)  ■  4> (fj.6) 

i 

end  £  +(f, 


The  total  contribution  from  all  sources  located  along  the  jet  axis 
then  equals 


2><Vpe>  -23[io*adBi  /10]*,  (fj.,,,8) 

i  i 

The  overall  attenuation  of  frequency  fj  at  angle  0  is  obtained  from 
the  ratio 

Z»/Z* 

•  i 


as 


Aiten  dBCfi,e)  * 


.  E  *■<  /l,  X ,  8 )  . 


*  shielded  spectrum  can  be  built  up  to  synthesize  the  jet  noise  shielding 
'f  ♦(fj,xj,e)  is  known.  This  can  be  modelled  by  using  Eq.  {8.3-1), 
irfifch  is 


4>!«,8)  •*>(8)  x/x0[e-',('/,o>2  ^  ] 
where  xQ  *  xQ  (Strouhal  number) 


0-1 


D-2 


HeiKe,  the  overall  attenuation  for  a  particular  frequency  can  be  estimated 

AtW  “  I o  tJ^L] 

■  /o  Zgp 

.  £  10  ^ 

Where  Ad8j  Is  the  attenuation  of  a  point  source  determined  (either 
experimentally  or  analytically)  as  function  of  position  and  frequency 
along  the  jet  axis. 
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APPENDIX  E 

EVALUATION  OF  VOLUME  INTEGRAL  IN  KIRCHHOFF  EQUATION  (EQ.  7.1-5) 

TOR  FIELD  POINT  ON  SURFACE  OF  INTEGRATION 

In  diffraction  problems,  an  exact  representation  of  the  induced  surface 
potential  is  possible  via  Kirchhoff's  integral.  An  integral  equation 
could  be  derived  by  placing  the  field  point  P(R)  on  the  surface  of  the 
obstacle  (Fig.  E-l).  On  taking  the  limit  as  P_p,  where  p  is  a  point  on 
the  surface,  one  finds  the  resulting  integral  equation  to  be  (c.f .  Eq.7.1-7) 

=  &  (f)  gbr>  -  ar,v^?)\  ds 

where  3/2*  denotes  differentiation  along  the  outward  normal  to  S  and  p,q 
denote  variable  points  on  the  surface.  The  derivation  of  the  integral 
equation  requires  the  following  mathematical  relation:  The  Green's 

theorem  for  a  region  V  in  three  dimensions  bounded  by  a  closed  surface  S  is: 

=  jfjT[M-£  *V]  &  ( e-‘  > 

where  a/*fi  denotes  differentiation  along  the  outward  normal  to  S. 

Now,  let  ^(R,t)  be  the  velocity  potential  of  the  sound  field  in  volume  V 
of  Fig.  (E-l)  which  satisfies  the  wave  equation: 

E  -  LM  -  O  (  E-?  ) 

*  O 

If  the  disturbance  Is  monochromatic,.?!  is  of  the  form 

(E-3) 

where  f  (S)  is  a  function  of  position  only. 


Since  1  satisfies  Cq.  (E-l),  ^>(R)  satisfies 

C  +  ft* )  <?<«)  -  o  in  vw 

(  :-a  ' 

The  free  space  Green's  function  g|s-?01  .  where  ?o  locates  the  source 
points  and  R  locates  the  field  points  is  the  solution  for  a  system 
excited  by  a  point  source  type  of  forcing  function.  Hence  g|R-7o|i$  the 
field  at  an  observer  point  R  caused  by  a  unit  point  source  at  1?  .  It 
follows  that  the  required  Green's  function  is  the  solution  of  the 
inhomogeneous  Helmholtz  equation 

7*6-  +  k'&  -  -S  (ir-r.D 

(  E-5  ) 

for  a  unit  point  source  at  rq  whose  general  solution  for  three 
dimensional  space  is 


— l  k | R - 

&IS-R.I  -  - — — 

+  TT  |  R-Rj 


(  E-6  ) 

This  function  depends  only  on  the  scalar  distance  between  the  source 
puint  and  the  field  point.  One  lets  Q  correspond  to  ^>(£land  </* to  G(  |R-R  | ) 
and  writes  Eq.  (E-l)  as 

Jjfwrt-  C-F>)dV  *Ij(t  ||  -  (fig)  Is 


E  -  t 


E  -  a 


E  -  3 


E  -4 


Applying  the  divergence  theorem,  we  have 


i .  td) 

4TT 


Now  since 


i  \ 

iH,!1 


dS(R0) 


(  E- IS  ) 


The  right  hand  side  of  Eq.  (E-19)  is  the  solid  angle  subtended  at  R  by 
surface  A#  .  Since  the  solid  angle  subtended  by  a  surface  surrounding  a 
point  is  always  47T  ,  we  have 

I  .  .  4 TT  (£-20) 

4TT 

«  *  f(»> 


Vo 


(  E-16  ) 


«h«re  r  is  4  unit  vector  in  the  direction  of  R-R0,  Eq.  (E-16)  then  becomes 


l  -  d  (R)  ff 

JJ 


n  dS(R0) 

lR-Roi* 


(  £-17  ) 


On  the  other  hand,  if  R  is  allowed  to  approach  the  boundary  of  V,  the 
solid  angle  subtended  by  A#  on  the  surface  of  V  is  only  IT  (Fig.  £-3). 
Thus,  the  volume  integral  in  Eq.(E-lO)  has  the  value  of 


jjJd(R0>  «(|R-R0I)  dV(R0)  =  -#(R) 

=  0 

.  Jill 


R  in  V 

R  outside  V 

R-  on  boundary  of  V 


2 


(E-21a) 

(E-21b) 

(£-21c 


where  n  is  the  outward  normal  of  S. 


From  the  definition  of  the  solid  angle  dfl  ,  we  have 


Substitution  of  Eqs.  (E-21)  into  the  left  hand  side  of  Eq.  (E- 10} ,  and 
noting  that  the  surface  integral  over  SQ  is  i.e.  the  free  field 
contribution,  it  follows  that  the  potential  at  a  point  P(R)  lying  on  the 
surface  is  given  by 


A  A 


Eq.  (£-17)  thus  becomes 

r  -  -  ±!*L  ff  jsi 

4-T  JJ 


(  £-18  ) 


(  E-19  ) 


„  <pt  (f)  +  ff { +  (?)  6(f.f i  ci 5 

-2  (£-22) 

where  denotes  differentiation  along  the  outward  normal  to  S  (see  Fig. 
E-l)  .  Equation  (E-Z2)  is  the  required  integral  equation. 


E-8 


E  -  a 


FIG.  E-l  DEFINITION  OF  SOURCE  AND  FIELD  VARIABLES 


FIG.  E-3  FOR  A  SMOOTH  SURFACE,  A  TYPICAL  ELEMENT  CAN  BE  APPROXIMATED 
BY  A  TANGENT  PLANE.  PORTION  2  OF  d Cl  SUBTENDED  BY  A  POINT 
LYING  ON  THE  SURFACE  IS  EXTERNAL  TO  THE  SURFACE  AND  DOES 
NOT  CONTRIBUTE  TO  THE  TOTAL  VALUE  OF  // dH  .  HENCE  THE 
SOLID  ANGLE  SUBTENDED  BY  A  SURFACE  SURROUNDING  A  POINT 
ON  ITS  SURFACE  IS  27T  . 

E  -  7  E  -  • 


APPENOIX  F 


EVALUATION  Of  THE  JACOB  I  AH  }t/3oL 


To  evaluate  j  *a  tenBS  of  a  1ocal  coordinate  system  with 
as  the  variable  of  Integration  (Fig.  F-l  )%  one  must  evaluate  the 
Jacobian  of  the  transformation  P*/P«  .  Let  q(*0,y0)  be  the  origin  of 

the  local  coordinate  system  attached  to  the  element  (i.e.  'q'  is  also 
taken  as  the  centroid  of  the  element).  This  origin  can  be  specified  in 
terms  of  the  cylindrical  coordinate  ( 0Q). 


Tan  0  can  be  found  using: 

f  cos  e  *  x0  -  /  sir  (  t(  ■  T/2) 


“*  »  ■  *0  *  fCM* 

f 


So  that  tan  0  =  _ 

xQ+  d  cot  «t 

Now,  1P/&,  can  be  evaluated  by  using  Eq.  (  F-?  ).  The  various 
terms  are  as  follows: 


Due  to  the  lack  of  symmetry,  the  Jacobian  Pf/P*  (required  to  change  the 
variable  of  integration)  is  not  constant  over  different  portions  of  the 
element's  perimeter:  sides  1,  2,  3  and  4. 

From  the  cosine  law,  £  can  be  expressed  as  (Fig.  F-l) 

C  '  *  (a  -  2  pJcoiP  I* 

( F-l) 

Now,  for  side  1,  «  have  (Fig.  F-l  ) 
f  sin  9  •  y0  ♦  d 

then  if  sin  9  *  /Pcos  9  ^  -0  (F-3) 

*L  C 

Hence,  by  (F-3),  «e  Have  JL®  •  ~  if  ten  9  (F-4) 

3  o(  fa  f> 

Thus  to  evaluate  the  Jacobian  ^s/S<  .  ue  must  know  <>  fjn  ,  tan  9  and 
f  along  the  pertueter  of  an  eleaient. 


in 

*c 


d  cscoC)  (-d  esc  k  cot  «0 

-d?  coso< 

Sin  3ot 


cos  ■  cos  (ITT-  9  )  ♦  »0)  •  (  -  d  esc*  cot*» 


* d  r«i». c<n?* 

L  sii?ot 


sin  0Q  cos<t 
sin  ec 


] 


1  -  (  d  esc  « )  (  sin  <K  cos  0^  -  cos  *  sin  0  ) 
0  o  • 

“  d  {  -  cos  0  ♦  cot  oC  sin  QJ 
O  o 


F-l 


For  side  (?),  we  have  {Fig.  f~l  ) 

£,<&.  6  -  x.-A 

.  J9  =  JL  J— 

'  ’  Px  J*  fdxntS 

also,  £  S«  6  ‘  I 


In  an  analogous  manner,  one  can  show  that  the  various  terms  required  to 
evaluate  the  Jacobian  over  the  remaining  ?  sides  are  as 
follows: 

For  side  3. 


3*  -  3f  Um> 

<?*  “  a*  e 


ton  a  -  JkzA - 

X-  </  Cot OC. 


(-  A  cocot)  l  A  c* cd  e&t<*  ) 
-  A'  cooot  cocW 


i.  i*~.  $  * 

x.-a 


ct°  &A- 

3d 


-A  c CX-oi  Cot  ct)(  Crod  Coo  9.  t  S' n  9.  Smd  ) 
-  A  C  cot  V  Coo  9.  +  Cot  of  sin  9*  ) 


Tile  various  terms  as  required  by  X/ddL  (  Eq.  F-2  )  over  this  portion  of 
the  line  Intergral  are  as  follous: 

/  ?-Lo  (-A  jU£.d)L-A  Mod  to~.°C) 

=■  d 1  /s—~ d  !  cos  'of 

„  _  (  Co,  at  cos  ff.  ■+  si"  0.  Sin d  X-J  J«e«  tend) 

=  cl  C  t~.  of  cos  9.  -f-  sin  9o  AdA*  ) 

__  At  /**<-d  )(r  cos  d  sin  90-f  Surd  Cos  0<>) 

-At  coo  9*  ton  d  —  Sm  9.  ) 


n 

M 


.  ("i  a I 


M 


l  Sin  *  H  - 

P« 


A  c*c-  of  (  S' not  Coo  fl'  -  Cooo(  Sen  K  ) 
A  C  *o  ~~  S'n  9.  Cot  o t ) 


For  side  4 


I 


3t 


Jot  ftc«  9* 

Sod  J  At  ■  A  d  sec  *f  tan  of 
fid  Cooat 


ton  0  «  X*+-  d  ton.* 
x.  +  d 


d2  sin  2if 
eos3*C 

cos  9  Al  m  -d  sec  of  tan  of  (cos  of  cos  80  ♦  sin  of  sin  8  ) 

fifc  .  2 

•  -d  (tan of  cos  »0  *  tan'ef  sin  80) 


and 


l  s.nafiL 

P« 


•  d  sec  of  (cos  of  sin  0Q  -  sin  of  cos  0Q) 
»  d  (sin  0Q  -  tan  0( cos  9Q) 
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APPENOIX  6 

COMPUTER  LISTING  #1 


C 

C  EXACT  SOLUTION  FOrf  FJMTfc  ST«A I IjhT tDGLU  HAtxlEk 

C 

1  Ctvv(;'i/C<'NST/Pi  tFK.CAMHDA 

7  CO*  V0»./XL1MT/  X' 

3  »EAl  \b*vS*f  C*LA.'«OA*M<*9<; 

4  COMPLEX  TAT1.TAT2.TEK  l.TER'P.TUA.C? 

5  PI«4.»ATAM1.) 

6  TF*7?  • 

7  TK»(5.«(TF-32.)/V.»*273. 

8  C-S0RTI1.4*30e3.8*T«U 

9  NR-64.0 

10  CA» 1 ? . 

11  NC«2.25 

12  X^TS. 

n  »MITfc  »6.?5> 

14  73  FOVAT  ( iHlt/.i*  »*ST«A|0«T  EOOt  SPIEL!)  uF  LE-.GTn  16  D'»/> 

13  F ■*000. 

16  LA’*B0A-C*1?./F 

1?  FX»7.*Pt/LA'HDA 

1A  TMETA«Af). 

IV  DC  30  I»l*2 

7C  Twt'TAP*THETA»Pl  /  160. 

71  WRITE  16.21)  THETA 

72  71  FORMAT  (IX.'ThETA  «  '.FS.IJ 

VRJTE  ( 6  *11 )  F 

24,  13  FORMAT  (ix.'FWEu  ■  '  *  F  3  •  (>  *  i  A  * '  mZ  '  .  /  /  | 

73  »X*S«L 

76  OC  60  NL  ■ 1  •  2 

7?  ;»S»*.'X*0.73 

78  WRITE  16.13)  *X 

79  15  FUKVAT  (lXt'X/3  ■*. 1X.F4.1I 

30  IFITMtTA.U6.79.)  60  TC  •»! 

31  SA«SuHT(\C*»?t< CA  «-Jb)*»2) 

32  >-a«CA-NS 

88  K3»N«»»C0$(ThfTAR) 

34  pO*'i"»SIN  (ThFTAR  ) 

36  PH»*0-NC 

36  SO»\«-NS 

37  PA-CA-\y 

3A  CR»SCRT  I  ) 

39  ASSORT  (PA*«?-.P-5**?> 

40  S9«sor<nsc*»?*i3*«2 » 

4 1  PM  IO«ATA«*2 1  *<»/.-•*’) 

4  2  pmi»7.*p|-ata*;2«pb.pa) 

43  phio2*atamnc/vs> 

*4  IF  ( nu.lE.Q. 1 )  PMl2«3.*Pl/2.0 

43  IF  (NO.LE.O.ll  a-  To  101 

46  PMI2*2.#PI»ATA'l(M«/NO> 

47  101  CS»S3PTI  N)S*.8S»  *C***CI 

48  GC  TO  92 

49  91  av«2,23 

3C  5A»SORT I AMPAV+I CA-NS>««2 ) 


31  AD»6R»CG$I THFTAR l-CA 

32  R<J»NA»SI  M  THFTAR  >-A9 

33  A9»SC9T(A0*A0»eC*Ai:i 

34  SM«eA-.4S 

53  SR»SURT  (  ( 5M*AC)  «»2* (  AP«t-Ul  ) 

56  PM  J  C»A  TA  N I  As/S  •* ) 

37  Ph|bO|«ATAN(B0/AU) 

5*  C0-CA4-A0 

39  PMl2*?.*Pl-ATAMH;l/COI 

60  PMlO?«ATAN<  %C/  .SI 

62  C5*50PTIVS»*$*NC*VC) 

6?  CA«5UkT(CJ«CU^30*AJ) 

63  92  CALL  MANXEL  I  PH  I  I  0 . SA . Ab . SB . T AT l ) 

64  CALL  HAMLEL  I »H I  2 . Ph J 02 .CS .CB . Sh ♦ T AT t  I 

65  TPA4TAT14TAT2 

66  9TEF’»CAPS4  TOAJ 

67  NP*«70.»ALOf.lC<  RT6M) 

68  WRITE  (6*161  fX.TDA 

69  16  FORMAT  (lX.'X/O  •* .1X.F4.1.3X.'  9k  « ' .F 10*6  .  IX  •  '  ♦  J'.lX.FlO.Rt 

70  -.RITE  (6.17)  RT£i,.VR 

72  17  FORMAT  ( IX* *ATTE VOATICV  FOR  PJAfTE  SHltLO  -  I T«  7.0  fcOGtS  -'.iX. 

•/M/  •  •  .FU.6.2X. 1  ■' .F5.2.1X.  *DA' .// ) 

7?  KX-17.0 

73  60  CONTINUE 

74  TMFTA-TMETA610. J 

75  5C  CONTINUE 

76  STOP 

77  END 


78 

79 

80 
•1 
82 
0  3 
84 
83 
M6 

87 

88 
09 

VO 

91 

92 

93 

94 

95 

96 

97 
96 

i  >o 
i^i 
10  7 
1*5 

104 

K5 

1"6 

107 


SUBROUTINE  MANX EL  ( PH  I .PM 1 0 . SA • AR . SB  *0AS ) 

C0V'M0%7CU6ST /  PJ  *Fk .LAMfltJA 
COwpN7XLl''lT/  Xi- 
KEAL94  9VQ5U1 
REAL  LAVrDA.NR 

COMPLEX  RNRSl.RNlSltRVKS2.RM52.DAR.0Al.TwAk.TDAl  .1>A 

COvPLtx  C2.TFR- 1 .TfcRV2,0AS 

21«PmI0*180./P1 

22*Pm1«1bO*/PI 

29-PmI-PmJO 

2I«Pm14Pm!0 

R»SORT(  (SA*SA)*lA»»AHI-<7.*Ae«S..«COSUR>  )> 

RPR IV»SORT ( (SA»SA). ( AR»A9 )-(2.*AR«SA*tuS(ZI 1 i I 
R1*SA*A9 

R1P««1-H 

:«lMP*Rl*RPH|v 

A»CO5(/R/2.0) 

H»rOSI21/2.0) 

TAUP-SORT (F*»R19 ) 

TAI'RP-*»S«RT  (FX9319P  ) 

IF  (A.tT.O.U  TAoO-TAj* 

IF  (t.LT.C.^)  TAuRPH^-TAul-M- 
Rl'i*7.«kl/L*V97A 

FR*  ol»l'.-9’4 

•RITE  16.16)  21.|7,*HN 

13  FOR>AT  (7».,«*mI^  ■  ■  <  .F6.2*6X««FRESNEL  NU^bEH  ■*  t 

1X.73.2) 

TTAR«CVPLX  (  (>*  0.  -  ) 

TDAI»CVRLX (J.w. :.  ') 

STR.i.Ul 


C-2 


C-l 


1"A 

xl—TAU« 

109 

X2--TAUROV 

m 

20 

*1»X1«X1*F**R 

ill 

,-?»X?#X?'*Fft*PP9  I  - 

112 

Gl»SO»T 1 x1*x!+2.»Fk»9) 

APPENDIX  6 

113 

52«SQ9T(X?»X2*2.*FK*HP*1v 

I 

in 

0RJl«rv4SJl<’#.l*lE»l » 

COMPUTER  LISTING  42 

115 

r>  I J  J  -  *  VH5Jl<w2«  IER2) 

lift 

CALL  «ES7twl*l*0K'ri.I£h3» 

117 

CALL  aeSY(v2«l.0lrl .ltW4) 

3J0RV 

Ilf 

''RJl-PRJl/Gl 

C 

119 

0!  Jl-DlJl/C.2 

f 

souno  fielp  arou  o  a  recta. .gula*  rlate  ^y  integral  legation  'xetmgj 

129 

('pv  j  bQKYI/GI 

c 

121 

■>rvi-nivi/r,2 

1 

REAL  NR 

122 

9N3S1 »CVPLX ll'RJ  1 •0<Y1I 

t 

COMPLEX  TF  »D1RFlD.C61  .C6  5.C6  7.C6?  .Tt  RWfri  .It R**63  .C62.Caj.0F 

123 

f<*lISl»CVML*IOlJl  *01711 

3 

COMPUX  C2?»T£R21»C23.TtRv2J.t«Vw»ST.ToA 

124 

Xl»XJ*ST 

4 

RFAL  *A<24> 

175 

X2»X?»ST 

5 

PIyENSIOn  £I26»24).vJI24) 

1’6 

•*1*X1«X16FK«M 

6 

DIMENSION  VVOW6) 

127 

a?»X?*X?*FA*9PRP 

7 

COVM0.N/RCUTS/TC4)  .-(*)  «p 

17ft 

G1 -SORT  (Xl«*X  1*2.  »F<»K) 

a 

COUPON /CON ST/  PI.F6 

179 

62*SCWT I  X2**?»2 . •FK.*RPk 1 M 

) 

9 

CC  4MON/PARV/ 

130 

0RJ?»*"'PSJ1  (rfl«  Ic»5> 

ir 

COVVON/VALUE/  TOA 

131 

01  J2-RMBSJlU2aERfe> 

it 

COvftON/SIDf/  Hi »h? . Rhcsu.COp .P |6. T  J 

13? 

CALL  fleSVCWl»l*3HY2«IEw7» 

12 

P I «4, RAT  AN ( 1 • ) 

133 

CALL  HESYU2aOl72.16‘<K» 

13 

Fft* 1  ft .64 

134 

DRJ2-DRJ2/01 

1  4 

H*4  5 . *p 1 /\ BO. 

135 

01  J2»0lJ2/f.2 

15 

Til) *0, 3399*1 C4 

176 

09Y?»D9Y2/01 

1ft 

T  ( 2  1  *0,86 1 1 3c  31 

137 

r>IY2-OIV2/{.2 

17 

TIN)--!!!) 

1 3d 

RNRS7"CYPLXID»J209Y2  ) 

ID 

T|4)— TI?) 

139 

9N!S2-C^PLX«OIJ2*0!Y2) 

19 

VI  1>»0.63?1451L 

140 

')AR»(RNRS1*RNRS2  i/2,0 

20 

-(?)  ■0.347534 85 

14  1 

DA|-IRMS1*RMS2>/2.o 

21 

viiii.ui 

14? 

TDAR«TUAV*DAR 

27 

R  (4 )■«!?) 

143 

TPAI*TDAI*DA! 

23 

Yv.O.l 

141. 

IF  tXl.r.T.XM  00  TO  100 

2* 

WL--0.15 

14* 

GC  To  ?r. 

23 

K0«0.1 25 

146 

10O 

Tr>AR*TDA°PST 

?6 

Y0«-0.075 

147 

TOAUTDAlftST 

77 

PFLTA-0.05 

14ft 

'.>A»T0AR*TDA1 

?  A 

0-9f LTA/2.0 

149 

Cl»FK«R 

29 

5»PEL  T  aa*? 

150 

C2»CVPLX(0.O.-CU 

79 

CALL  KERNEL  (ST) 

151 

Tf R V1 ■CfPLX 1 0 • 3 • C 1  1 

71 

XS«G.0 

152 

TfRv?»Cf  XP(C2> 

72 

YS-O.C 

153 

0A5»Tf  RV  1»TERV'2*0A 

73 

£$•(>• 5 

154 

PTr'-CA6$IDAS> 

36 

1*1 

155 

6R*”?0 ••  ALCG1  0(  RTt'7  J 

33 

XPaXO 

156 

-RITE  16.5011  TOAR 

76 

YP»tO 

157 

501 

FORMAT  (2X  •  'mANKEL 1  REAL  SOURCE >'• 1 X » F 1 J . 6 •! X  . J •  .  1 X »F 1 0.6 1 

37 

*R»9.p 

1  5b 

-RITE  (6.502)  TDA| 

7a 

J«1 

159 

50? 

FORMAT  l?X» 'MANUEL ( INAGE 

SOuRCt ) * .1X.F10.6.1A*'*  J* .1X.F1U.6I 

39 

*0«xC 

160 

WRITE  16.16)  DA 

40 

YQ»  Yli 

Iftl 

1ft 

FORMAT  (3X»  •OlFFRACTtO  FIElO  FOR  G-.t  LOQt  •  *  .FiO.6.'  ♦  J  '.FlJ.fr) 

41 

kC  •  1 

162 

-RITE  16. IT)  DAS. NR 

4? 

00  2?G  LL-1.6 

167 

17 

FORMAT  Ox  ••  ATTENUATION  • 

'.IX. Flo. 6.'  ♦  J  '.Flo. 6.'  ■ 

43 

00  110  M.al'4 

F6.2.1X. *DR» ) 

64 

IP  (ftC.EO.l )  GO  Tu  5 

164 

RETURN 

43 

XQ»*P 

165 

ESP 

46 

v«:  •yp*l,flta 

-7 

|F  (YU.oT.VM  *»»XU~D£LTA 

4P 

1 F  (VU.OT.VM  YC*YO 

G-3 

49 

IF  (XO.LT.PL)  jj  Tt»  2 f* 

50 

J»l*l 

G-4 


51 

5? 

57 

54 

55 
55 
57 
55 
59 

50 

51 
6? 
55 

54 

55 
55 
57 
59 
59 

70 

71 

72 

73 

74 

75 

76 

77 
7" 
79 
«0 
51 
»2 
93 

J»4 
*>5 
«5 
■  7 
no 
«9 

90 

91 
9? 

93 

94 

95 
06 
97 
9f 
99 

IOC 
101 
1 02 

103 

104 

105 

lt'6 

107 

104 

109 


0,0  TO  10 

5  IF  U-J)  1.2*1 
7  g(I»J)*ST 

GO  TO  3 

1  J-J*l 

10  tda-cmplxuj.d.-'.u) 

Rmo50- I Xu-XP > •*  2  * ( YQ- YP  1 *•* 

T 3-SORT  (RhOSO) 

Ml-XO-XP 

H?-YO-YP 

FISM»SUkT<H1**24H/««2  * 

cow*Hi/nsH 

P1G-H2/FISK 

CALL  KERNE  1 

CALL  KERNE2 

CALL  KERNE3 

CALL  KERNE4 

El  I  tJI— TOA 

F(  J.l  >  —  TDA 

3  Yo«YO*reLTA 

IF  <YC1-YV»  1*4,4 

4  axa-xo-oelta 

IF  lAXA.LT.PL)  30  TO  2U 
XO-AXA 
YO-YO 
30  TO  1 
?C  CONTINUE 

BS-SURT<  <XP-X$)«»«2*(  yP-YS)«»24(ZP“ZS>»»2  > 

C2 1 ■— FK*RS 
C22-CPPLX I 0.0.C2 1 ) 

TERM21-CEXPIC22)/I4,»RI*R5) 

C2>*CVPL> 10,D*F*> 

TERf?E-<C23*l./»S> 

TERm23-(ZP-ZS)<'7S 
VOID*  TE9v21*TER^22*TERv2J 
!■!♦! 

yd-yp+OElTa 

<C-2 

nr  continue 

xp-xp-delta 

yp-yo 

270  CO*T|MJt 

00  25  I'X-1.24 
£(IW*lVv)-ST 

75  CONTINUE  . 

WRITE  16.31)  U 1 .J.E< l*J) »J«1»Z4) •I>1«2*) 

31  FORMAT  13(17 .1 >»1X.13*>X,E lJ.b.21.5 10. b) » 

N-2A 

IA-74 

M.) 

IP-24 

IJOR-O 

CALL  LECT1C  (  E.*!»IA,VO.v.lb.lJuH»-A,  ILn  > 

OC  53  l ■! *7* 

VVd I  J*CA!»S<vO« I J  I 
50  CONTINUE 

1?  FoJ*»t'  ?//!!«. 'SUtfACt  frktCMMl.  rflST.IHutli,.  HlolO  «t<-T*'UULAk 

PLATE  AT  FACw  CALCULATIONAL  point* ) 

WRITE  16.13) 


no 

13 

F09V AT  (IX. ‘FIRST  POJNT  AT  LLwER  4 1 UHT  CUKNfcu.LAST  POINT  AT  UPPtN 
LFFT  COkVER.  PACING  POINT  SOURCE* •//» 

m 

WRITE  16.11 )  (  V0( I ) tVYttl I  >  *  1-1*24) 

n? 

11 

FORMAT  I  7  1 1  *  »  *  (  *  ,FY.6.*  ♦  J  *.FV. >•')'.*  • *  »F7. 5 ) ) 

117 

WRITE  (6.18) 

114 

19 

FdRVAT  UWl. IX, 'DIFFRACTION  BY  A  fctCT ANGULA*  SCREEN.  MAGNITUDES  OF 
TOTAL  FIELD  ARE  ThE  RATIO  TO  The  DIRECT  SOUND  AT  tACn  POINT*. ✓/) 

115 

PH  I R-0.0 

116 

RR-0.31 

117 

00  77  17-1.10 

119 

IF-CVPLXID.n.O.-'') 

119 

PH I -PHIR*P I /1 8«  » 

170 

XP-RR«SlN«pHl) 

171 

VR-O.O 

17? 

2R-RR*C0S(PHl ) 

173 

° 5° -SORT ( (XR-XS) **2*(rw-YS)»*24iZR-ZSI*« l ) 

174 

C6C— FK-RSP 

125 

C6i-C**PLX(C.D.C60) 

17A 

DIRFLD-CEXM(C61 ) /I4.*PI»RSH) 

177 

XO-XO 

12*> 

YO-YO 

129 

Z'J-0.0 

170 

l«l 

131 

DO  221  LL**1  »6 

132 

00  III  -n*. 

137 

RQR-SORT ( (XR-X3) *»24( VR-Y0)»*24(ZH-ZU)»«2I 

134 

C56—  F6-R0R 

135 

C65-CNPL*(0.ti»C6OI 

176 

C67-fExP(C65)/(4.«PI»fcuR) 

137 

C6?  -CNPLX(0.3»FM 

1  7A 

C67-1  ,/R  }p 

139 

TF7^6l-(C62*C53 ) 

140 

TEPVfc2-(2R-Zt.j/Rl,R 

141 

TF3Mfej»v:,|  j  )-C(.7-TFPwbl*TERy62 

14  7 

DF-()F«TE  9W67*S 

147 

I-lMl 

144 

Y.j-YO-OELTA 

145 

111 

C0»  TI-NUE 

145 

XO-XO-DELTA 

147 

YC-VO 

149 

771 

CONTINUE 

1  4  9 

C99-CAAS1DF) 

150 

TF-DF4DIRFLD 

151 

C-l-  FX«RSP 

152 

C*?-CVPLX 1 0.O.C5 1 ) 

153 

C83-RSR»CEXP(C82 )«TF«4.4pI 

154 

RTE*-CAPS(C83> 

155 

NR-»20.*AL()G10C  RTF’*) 

155 

mRITE  16.17)  PhIR.0F.C89 

157 

l7 

FORMAT  (  /.lx, ’ANGLE  •*. IX »F5. 1 .3X » 'DIFFRACTED  FIELO  *»2X.F10.6« 

’  ♦  J'»lx»Fl3.(*.2x.'-*.lX«F10.6l 

159 

WRITE  16.16)  Ci3.RTF’*. NR 

150 

16 

FORMAT  I 22X  »' TOTAL  FIELD  '.2K.F1C.6.  '  ♦  J'  . IX  .F iO .6 « 2X • * • *  , 

IX.F10.6.5X.*-* .FP.7*lA**0e' ) 

160 

PMIR.PHIR420, 

161 

77 

CONTlNUt 

162 

5TCP 

163 

F  NO 

164 

5L«R0uTI\E  KERNEL  1ST) 

165 

COMPLEX  C*F»T0T.MG.va.C6*ST 

166 

COV.VON/CONST/  pi, fa 

167 

C0*N0N/KC0TS/T(4),W(4»,R 

26A 

CO^ON/PARy/  S  <  »D 

169 

(>|MFN$10;.  TUT (4  1 

170 

00  15  I «1.4 

171 

«  «P1*I0.25*T( I »*?•») 

172 

A4-F<#r>/SIN(R) 

173 

C*C'PLXC3.0#AI 

174 

F*5I N ( 3 1 *CExP 1C  1 /O 

175 

TOT ( I )•«( | )*F 

176 

1C 

CONTINUE 

177 

SIC<VA*H*4.  •  (TOT  (  l»+TOTU>+TOTl3J«.1ol  (4>) 

17» 

C5*2  »*P I *F< 

179 

C6-C^PLX  (0,(i,C5 ) 

1*0 

5T*-(SlU'-A*C6)/«4.*Pl  ) 

1*1 

RETURN 

1*2 

EN^ 

1*3 

Sl’PROuT !  Nf  <ER\E1 

1B4 

COMPLEX  SKiVA.TCT.TDA 

145 

COMPLEX  TjNTft 

1*4 

oi *£ ns Ion  totcai 

167 

CO',vON/C0NST/  pi  .fa 

16* 

COUPON/ flCCTS/T(  4 ) »W ( 4  V  *P 

1*9 

COVVON/ VALUE/  TDA 

100 

fOV-’ON/ FACTOR/  RmO.OTH 

191 

CO*POVT*lG/  CO. SI. T A 

102 

00  10  1*1.4 

193 

O.P!*(0.25*T(Il*0.51 

104 

S\*l./Sl\tk» 

105 

CO*COS(R> 

106 

CALL  EVAL1 

107 

TOTCl  »*v.-«ll*T|NTGC«HO*OtH( 

lOP 

10 

CONTINUE 

199 

S!6«A*P*lT0T( ll*T0T(2»4T0T (3J4TUT(4»j 

200 

TOA*Tf)A*SK-«A 

7oi 

RETURN 

702 

f  NO 

203 

SUBROUTINE  AtRNE2 

204 

CO^LtX  TINTC, 

205 

CCMPLtX  SIUVA.TOT.TDA 

20A 

fil PENSION  ret (4  1 

207 

CnvvCN/cc\«iT/  PI  .FA 

208 

COVVON/ROQTS/T ( 4  I *w(4) .« 

209 

COvvr-./FACTOR/  RhC.DTh 

210 

CCVmON/ VALUE /  TOA 

211 

COWCN/Tatc/  CU.St.TA 

21? 

[>0  If-  1*1.4 

213 

R*PI*(U.25*T( 1 1  ♦l.yi 

214 

CO* 1 • /COS ( R 1 

215 

SI-SIMR) 

216 

TA*TAN(K I 

217 

CALI  EVAL7 

21* 

TOT  HI**’ 11  I«T1  iTGIRHO.uTh! 

210 

10 

CONTINUE 

2?0 

SICvA*R*ITOT(  1)  ♦TC)TI2»*TcT«3I*TOT(4I  » 

??1 

TOA*TPA*SlG>A 

272 

REtl-ON 

2?3 

2?4 

275 

776 

227 

27* 

229 

230 

231 
237 
733 
234 
23* 
2*6 
2’7 
23* 

239 

240 

241 
2  42 

243 

244 
24* 
244 
247 
24* 

249 

250 

251 
752 
1S3 
254 
7*4 
254 
25t 
25* 
259 
760 
26  2 
247 

263 

264 

265 
244 
247 
74* 
244 

270 

271 
277 
273 

774 

275 

276 

277 
?7* 


tSO 

SURROUTI'E  *  FRNE  4 
COMPLEX  TJVTf, 

COMPLEX  S1C-'A.T07  t7['A 
Oi^tASJOv  TlT/4/ 

CO*\C\ /CONST/  pj#F(| 

CO*.VC»»/KOOTS/Tl  4>  *M4>  .6 
CCVMC\/f ACTur/  Rh/'.rTH 
CCvxsON/ VALUE/  OA 
CO'-mOU/Trjc-/  C5.S2.7A 

00  10  1*1.4 
R*PI*(0.25*T| 2 1  . 5 ) 

CC*COSt»l 

$I«1./MN(P| 

CALL  FVAL3 

TOT  (I I  •  *{  2  I  •  T I  “*  T  G  (RhO.QTm  i 
CONTINUE 

S  I  CiVA«P*  (  TOT  ( 1  ]  ♦TOT  (2  )*TOTI  3  >♦101  (  4  J  ) 

TDA-TDA4S|f.v4 

PETUR.N 

END 


10 


SURRCUTIM  AEP\t* 

COMPLEX  Slf^A.TCT.TOA 
CO^PLtX  T I NtC* 

9lvENSlGN  T 07(62 
COmvck /CONST/  02»F« 
CCrv0\/h0CTS/T(4l,.i*| ,B 
CD'MON/FACTUR/  RHO.OJH 
COMMON /VALUE/  TOA 
COWON/TMlb/  CO.SJ.TA 
W  It.  )•!  (4 
P*PI *0. ?5*T ( |  J 
CO*l./COS<ft) 

Sl*SlNUO 

'’»T4MR| 

C*LL  EVAL4 

TOTU  >»Ml>*TlNT6M»H»,DT*( 
CONTINUE 

TOA»T  t  A4j  J  (,*-  a 

0* TURN 

F.Nfj 


CO'-PLFX  function  ti \tgi Rmc.dtmj 

CO*vq,n /COAST/  »i.F* 

COvptEx  C2.C3 
C1«-FX*»mo 
C2«C^ML* (C.0.C1 I 

T  rNTC»0TH»C3/ (4. •°I«RhO| 

afTUHA 

ENO 


SUBROUTINE  EVAL1 

CCV^0N/S|f>c/  «l.H2,NMosa.CG*.PlU»T  j 

CO'-M'N/PAkW  S., 

COMMON /FACTOR/  AmO.DTh 
CC'!ON/TRir./  C5.SI.TA 


G-fl 


G-7 


320 

371 

3?? 

3?3 

324 

323 

326 

327 
3?« 

329 

330 

331 
33? 

333 

334 

333  2 

334  6 


Al«H]9D*CO*SI 

IF  l*HS(An.LT.l.ue-13»  Of;  TO  2 
TTi«-n»D»CO*sJ*»i 
TT?»C*<CUv.«CC**2*SI**2fPIO*Co»SI ) 

TT 1 »D* ( P I 3*C0*S I -row I 
T4«D«*?*S1**2 

Tl?*?,*T3*D*(Cv..*CO*SI*PIc) 

P'HO-S'm  I  lTe*R:-fOSO+T12)  I 
MTh«-(h7*DI«jTT1-T3*ITT2-TT3M/(A1*KPC*«2) 

OC  TC  3 
IF  ( H?  )  6 

RHO*  T3*D 
0TMar>/3K> 

OC  TC  3 
KMO«  T3-C 
OTMa-U/RMC 
RETURN 
PNC 

subroutine  eval.2 

COVXO\/SIOF/  Hit ri?  tRHCSU»CU^tPIG«T 3 
CO^MOK/PARM/  S*«D 
COv.;ON‘/f ACTOR/  RHO.DTH 
CCVVON/TRJO/  ca*si»TA 
A2«H?-r>*TA 

IF  {ARSI42ULT.1  .OE-15J  UC  Tw  2 

TTI«f>*C»SJ»CG**3 

TT?*0*ITA*Cc^PIC,*TA*«/» 

TT3-n*lCC>v*TA-PIO) 

T«»r,*n»co«42 

T12 *? •*  T3*D*<CO*+TA*PIOI 

Rho*sgrt(Tp«.rmjSs;-ti?  ) 

BTH.IM1-D)*ITTI-  Ti*lTT2“TTii  )/(A2  *3n()**^  I 

00  TO  3 

IF  |Hl)  4*6*4 

RHO*  T3-0 

^TM*-D/«HO 

OO  TO  3 

R*0*  T3*D 

OTh*L-/VhO 

RETURN 

fNO 

SUBROUTINE  IVAL3 

COVVON/sIOF  /  Hl*ff2*RHCSU»CCX*P|(**T3 
CO^*ON/FACTOR/  RmC.DTH 
CO*VpN/PAR\/  5/.  tO 

CO^'O-VTHlO/  C2*Sl  *TA 
A3«H1-D*CP*SI 

IF  IA*SIA3>.lT«1*OF-16)  GO  To  i 
TT1»-D*C'»C0*SI»*3 

TT?*-0»ICO*»CC**?*SI«*2*PIG*Co*SII 
TT3»D4IC0>-PI0*CU4SI I 

T*«D«D*S!**/ 

Tl?*-2.«T3*U*lCOw*CO«SI*P|GI 

RmO*SORT I T**RrtOS04T 12  I 

t>TH»-lM2-Dl»(TTl*T3*ITT2-TT3IJ/(A3*RHC**2I 

00  TO  3 

IF  IM2>  4*6*6 

?NO*T3-U 


:T«*~'Vn*'0 

r.j  to  i 

i?wr*T-a^  , 

•rnr,\ 


SI,Bf*0|.T  I  '«*■. 

CC***:*'  /si^t  / 

C'  ••  *r«.  t*\Vi  S  -  .3 
CO  •  *0  . /FarTi.R/  *-<:*OTw 
Cr*,'f)‘i/T  «|'./  c  *SI.TA 
,*Tt 

ir  (tHsiui.i.T.1.  T  / 

T*»l;»n*Ci:**/ 

?]/*.>.*T  tr  ,4.+l a*pji,  I 
ITn-i'-CS  4*1 1/ > 

TT  1  «f  *i,«si  *Co*«  1 
m*»  •(rio-ta*c3<*> 

TT.1**?*  (  T.'  «f 'I.  *P  I(.«  TA**^  I 

-TH.|f-i*p)*tTT;,T  4*|TT<*TT3I  ^**/ 

Ur  Tr.  s 
If  <*1  I  4  #  4  •  *• 

3h,'*»'*T  * 

(»«'  T;>  3 

Ru  i«T  *-i 
*■  T«*«!/nb'' 

RFTl.V 

t 


G-IO 


APPENDIX  6 

COMPUTER  LISTIN6  #3 


%JOM* 


1 

2 


ft 

7 

M 

V 

I  n 
n 
12 
n 
14 
ift 
ift 

17 

IB 

19 

70 

71 

72 
71 
2* 
79 
2ft 
77 
74 
79 
*0 
°1 
17 

II 

14 

15 

16 
17 
1 » 
14 

40 

41 
A? 

43 

44 

45 
4ft 
47 
4  H 
49 
ftn 


C 

C 

c 


INTEGRAL  EQUATION  METHOD  FOR  DIFFRACTION  OF  SOUND  WAVES  BY  HALF  ROUND 
SCOOP  SHIELDS 

VF4L  f\*#LA*wr>A»  »JD 

COMPLEX  C2  •  TC  9  1  •  C  2  7  •  T  fc  9  '*2 1  %Cc  3  •  TcNv-2<  ,t  •Vw.Mj.-’ 

CCr’PLLX  TF,0!RFLU»C6l*Cb5»Cb7.Cb2,Tt-<\61,TtH'b3.Le2.CoJtDF 
rO’PLF.X  TCT*TE?”fTfRN'i»tTDA  .Htbft 

H'lfcKMlA  M225*  22  51*91276  #2  25  )»Vi;<2«5)»  At  1225)*  *Al*Zb) 

COV-’O  ,/PAR< V  Pi  *Fr.,T(ftl  ,*(bl  ,*S 
IM  ■4««ATAN< 1* ) 

:)*n,75 

TF«47. 

T<* ( 5,* l TF“3?« ) /9# ) ♦?7j# 

C*S.'JRT(  1.4*3J0a,^«Tr  ) 

F*iroe.« 

LA/pDA»C*12./F 
F*C  •?  •  *°  I  / L A*  POA 
OTO-12. 

*^7  *0  •  ft 
.MP»15 

wo.  lb 

*‘FL  *7  2  5 

^Th.PI*OTD/140. 

RS-3.75 

2^*1?. 

GM-0TM4DZ/4.0 

’tP*ft 

T(1 >•«. 93246951 
H7l»n#6f,12<>939 
THi-0.71N6191» 

T|4)a-Tlll 

T(ft>»-TC*) 

•<111-0,171  32449 
M2  J  *0.160  7ft  157 
'll  )-n. *6791193 

W  ( 4  » •  « l  1  J 

*  (5>«M2I 
Mb)>w( 3) 

TMOBpTH/2.0 
70»r*2  72.o 
1*1 

TmP.TmC 

7P-70 

J-l 

Thj.THC 
23*2  C 

CALL  KtPNEL  l\P*S«:  »OTm»DZ  I 
K.C»1 

r>C  22 0  LL-l*\xP 
10  1J0  ft«.»i *ktp 

IF  (»C.E0*1>  SI  To  5 
Tmij.thp 


51 

2J«ZPOZ 

5? 

IF  17  ,f.T,?  )  Tm„. 

51 

IF  1/...GT.Z  >  Z  >/ 

54 

IF  l  Th'J.'.T.H  1  si* 

55 

J»  1  ♦  1 

5ft 

CiO  Tr  j r 

57 

5 

IF  (I-j)  1,3,2 

ftfc 

1 

J«JM 

59 

1? 

SI'  *«CVPLX  l ".Or.  '  » 

ftn 

on  i*'  1 3*1  ♦'  p 

ftl 

m*OTh»T  (  !  3  1  /2*tl*  T**' 

ft? 

Al*cc:si  I  hP»»«  j 

ftl 

*0  4 r.  J1»1,'P 

►  4 

r,«^2*T  r  J1I  /2.04Z- 

65 

9*S0PT ( 2 •*kS»*2» l 1 . 

ftft 

Cl*Fft*9 

67 

C)t*“f  J 

*•21 


69 

70 

71 

72 
71 

74 

75 
7ft 
77 
7ft 
79 
60 
M 
*2 
M 
*4 
»5 
P6 
P7 
►  4 
49 

90 

91 

92 

93 

94 

95 
9ft 
97 
9  P 
99 

1<‘3 

l'U 

107 

103 

lf-4 

1<>5 

loft 

107 

lOp 

109 

no 


C?*CvPLXCO.ffC< I 
Tfwvl»3,*( j .-C2 ) —Cl 4*2 
TF9v7»(  PS»*>)*I  1  ••2*»A1*A1*«2  J  /  (!•*•<’  ) 
Tf*mi«,«s*i  1.-C2  )  »ai 

TfeR'  »rf  ftp  I  C2  I*  I  Tt'<"l*TLR"2*TtRv3J/l*»«* 
TOT  ■  I  1 1  )  *•*  I  J3  )  *  TE  9*' 

Sljv-.ftli'-^TCT 
4C  CC'-T  I  Mifc 
10  CONTINUE 

El  I  •J»»C»‘'#Snv 
El J*I  >•!  I  I tjl 
1  2ii*2  0-*D2 

IF  120-70  1,4,4 
4  ATA*THJ*OTn 

IF  lATA.f.T.DJ)  ic  TO  2j 

tw:)«a  t  a 

2Q*2C 
00  TO  1 

70  COVTJnuI 
!»;♦! 

2»«2P*0? 

AC  *  7 

110  CONTROL 

ThP»ThP*UTm 

29*70 

720  cririrNuf 

10  2  5  l'A"l%r,SL 
El  I«  *U>»SK 
7  5  CUMIftUfc 

10  21  1  »1  »f.EL 
on  77  J*1 *\£L 
Hi  I  •J>«C,-,PLXlC.utO.O> 

7?  COMMuk 

71  CPMTHut 

00  ?■*  IT-1  *\FL 
Pi  10 , 10>*CvPLXl  1. 0*0,0 
21  00*!T  I  NLfc 

N*<Vfl 
lAaf.tL 

I H  *  ,N  F  L 

I J04*n 

CALL  LFCitlC  IF,  «.IA,H,  /,m,i  jot-,*A,U -tj 


I J I 


Ill  \Jr«14. 

11?  "■  70  lJt«1.14 

113  ^ 

llfc  YS«V-.' 

115 

116  T  • T  HC 
IP 

i\»  l«l 

119  10  479  L*»i«l»NKP 

l’*1  *p»vs«CosnHpj 

l?l  vo.k-S«J»l'  (ThPl 

1  7?  1C  47*  L  .?•!•.*  rP 

1?3  9«S»Su9l  <  (  KP-XS1  «*7*(  YW-vs 

1?*  C36»WMS*SU3T(  XP»4/4VP**Z  I 

174  C  ,»l.-FK«<.Ps 

i’6  r?^»C'>Lvi  j.ofcii) 

1?1  TE«  .?l*CtXPtC27>  /  (4.*W«<iPS) 

l/**  ( ^3«c*-Pi.xco«o*r<i 

1?9  Tt«s  77«  I C7 3*1  •/!)»$) 

no  Tf;;  V?  3»  1  *Pm  I AP-XS)  ♦YP* » yp-Y«  |) /C55 

PI  VPI  I  >«-T6Rv?i*TE  <  t27*TtPM*3 

P?  !■!♦! 

1”  7P«2P#1*>7 

134  4?“  ff'f.Tl'ibt 

P3  th»  aTMP*f,r*. 

P6  2«»20 

n?  4?«>  co  »t  i  nut 

1  *F  .'9  1Tt  (6*99")  s,L«"r.!)A,F» 

139  999  FO-rf'-AT  (  Ifltlx*  *F:U  J  »*«f!S..3.lr»«H/',3X.**.AVcLt*v»Tf-  •'♦Fo.2. 

IX.'I^**  .AX»'*AVL  \U*>HtK  ■liF*)t/«//l 
no  *ITE  Cfe.^fcM  \JJ 

m  546  rr-UvAT  (7X»<A/J  -'•Ftw./l 

U7  «-l 

143  or  15  im.  fL 

U4  FlllhKIMO.OK.J 

145  DC  3?  Jl»l  •  .EL 

144  HI1,M*H11,<I*  91  II  »J1  J*m J1  1 

147  37  CfVTlMJt 

14»  15  C0«T1*»UE 

149  j>D  50  K»1  ,41  L 

150  AMICnCAHStt  UC*KI» 

151  50  CO'TINU? 

157  PITE  15*6661 

153  646  FOK'-AT  <///.lX,’  SURFACE  PCTtUlAL  U 1  &  I ’*  1  nUT  I  u\  •  ,  /  | 

154  >-3ITF  (6.11)  <  «■  1 1  .1 )  *A»  I  1  1  ,1-1  ,\tU 

155  11  (  3(n.ra,^,iX*F<5,5*rfX«F 7.3*«AM 

156  uhID-40. 

157  a 9  I Tfc  I  6  *T(!  1 )  Pr-IO 

15A  701  FDOvAT  (///*  lx, *  flELO  MGlAf  *7  *  .*  5. 0 , 1  X  ,  *  L't ,-T  Jt  7  AXIS’) 

159  PHl«PMlo»Pl/l»3. 

160  X9»0#0 

161  yw«64.»SIN(Pv.J  | 

167  2H*64,*C0S( PHI )»fc*0 

143  K5k»S0PT  C  (XK-XS)  )»*2»IZ-<-ZSIa«<?l 

164  C60»-F**9S9 

16»  r6nC-FLX(0,0*C50) 

166  oi9FLP»CtX«>(C61)/(4.*PI»KSt»> 

167  OF«CVPLX( 0.0,0, jl 

16"  S-P$»DT**DZ 

169  TP0»Thk 


17f 

171  I«1 

177  ••*  4  1  LI  •:  •  X~ 

173  v  cl  • • «1,  Vi 

174  4""3F*C  -LX  (  ...  I 

17*-  >i  «•>*•  1**1,  » 

176  ,~T..*T  {  I  S  I  /  i  .  ♦  )-« 

177  >,  a  J«,*C  S  (*OF  1 

1 7U  V  «-iS«5l  (-•»  1 

179  ’  :  4*6  J>-»1  » 

IsO  '  ,nF«'7*t  |  jui /2.  ♦/„ 

lr=l  •»-*i*bSS  '7  |(  x  —  x  .  )••/•!  V  -Y  ;)«»,•  1/  -:  wI 

1-7  rfAa-Cr  • 

1*»  ;>  *■•<  it « 10,  o 

1-4  C47.0  *~tf65l/|4.*,»I«i-  .,1 

1-4  <6/»f-PL  I 

1-6  r*  3*i, 

1-7  C7  '  — «S :  'Tt«  » 

l-«*  TF  -  1  ■(C4^*C6;  5 

1-9  Tev  42»“  <x  ;«(*■'-».  I  *Y  4.  -v  . )  j /r  » 

Ion  T-w  63«c.f  f*T*  -  i •  T »• 

m  T  TjF«a(  I9)*s(  J»  )«Tf-<  *6: 

\o?  ^  •  5F-SI.  l+*l’i  T'F 

19  3  6  5*  CO*  3  r  lit 

l‘»4  6  55  rc.TI.Ut 

1<}6  :•)  •>  *4»  *  pf  «t  (  i  •  l ) 

i  v4  nm 

p7  /'  aZ  ■'♦r./ 

19m  4  ?  Ci  <7  I'  Ut 


l«J9 

Tm  aTM.,41  Tf 

7.'« 

/•:*/; 

?*'l 

61 

(r  Tl'Uf 

7  '? 

•■F4  3F«*— 

7'  3 

r*v»r A6S(pF  > 

?**4 

re.,  6  ♦-»!  Fl.l 

7f*4 

C-U  F'  •  .6' 

2M6 

f67«r  Pc<('.7. 

.  .  ) 

7  7 

1*4  »a*  f.  -*r*  >•  1C 

J  )#T-  *4.*l‘l 

2  J 

JTf  af«»SIC--l 

7^9 

>>../.  ..AC  -  Cl: 

Tr*  1 

210 

•  1  T H  if  .1’) 

‘  .c  • 

711 

1  7 

r  r  -  ’  AT  I  /,iX. 

X/  =•  ’ 

*  ♦  j’»l»»:  1  4 , 

...*»,*«**  1-  .Pi  6.  M 

?17 

-IP-  (*■,!*)  C 

j  ,  •  T*  < 

213 

1  6 

»•;"  AT  C  /  /  •  1  7  . 

’  1  T'L  M'U  ’•)*.-  14 

)»,*  l4,7»*>»,»a 

.*C .7,1  -  **  -•  J 

714 

-\Ti  ) 

l  £*.  :.Tr 

214 

4  4 

-  •  -'At  1  /  /  •  i  /  *. 

•;*p“Ci  eP  L'  «■ i-. 

7  *  •  -  1  *  .  /  > 

715 

,J'  m‘  J  ,-l  .. 

717 

7 

r  t  i  i  jf 

214 

■,T  v 

?n 

1  1 

270 

S_«  7.1  T  j  t  .. 

•  •  L  (  '  iJ  •  '»v  «  '  ■ .  T  •  > 

77J 

1  r  ■  •  •  /W--  /  ? 

:.r  »  T  (  •  )•.(-),  1 

777 

*  *'L‘  ‘  4^'  ,T  .. 

7  *;  •*-«.  1  A 

273 

r  vti  i  >  r  .►  , 

^1.,  ' 

7?4 

T*  A-f  1-L  *  l  .  . 

•  1 

2/6 

6  :  •-  'l  •  (r  ,*•* 

.  •  } 

G-14 


C-13 


276 

01»S*Z/2.0 

2?? 

P24RS»SWT/2.a 

278 

CK1-PI/2.0 

229 

TH1«ATAN 101/02) 

23C 

Hl*THl/2.0 

231 

P2«(CK1-Tm1 ) /2m C 

23? 

DO  10  l-l*MP 

233 

H* ( Th1*T < 1 )4THl ) /2.0 

234 

CM»COS(H) 

235 

A*»FK«02/CH 

236 

C«CMPLX<O.U.A) 

237 

p*CH*cexP(c)/oi 

23(* 

TOT -W 11 )*F 

239 

SUV.SU^^TOT 

240 

10 

CONTINUE 

24  1 

T0A*TDA4B1*SU^ 

74? 

SlJW»CMPLXI0*O*0.o) 

243 

TH2-CK1-TH1 

244 

TH3«CXl^TMl 

245 

00  11  1 »1 #NP 

2  46 

H«(TH2*T( I)4TH3)/2.0 

247 

Sf-*$IN(H) 

24* 

A*-FK*01/SH 

249 

c*cmplx  (0.0*A) 

250 

P«SM*CEXPIC)/01 

251 

TOT •V'  ( I  >*F 

252 

SU^*SUM-*TOT 

253 

11 

CONTINUE 

254 

T0A«T0A4H24SUV 

255 

C5-?.*p  i  *rr. 

256 

C!>*C»PLXlOmO*C5) 

257 

( 4«  *TDA+C6) / ( 4 • *PI ) 

258 

V'lITE  <6.13)  S< 

259 

13 

FORMAT  <  IX  .  ’KERNEL  ••  .1 

260 

RETURN 

261 

END 
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;  tor  Aerospace  Studies  (I'tTAS) 
,  Ontario,  Canada,  >la!l  $7(» 


CON.::  PTS  FOR  POINT  SOURCES  AND  JF.T  NOISE 


ivcrsity  of  orcr.u.  :  itutc  for  Aerospace  Studies  .U'TIAa) 

:i  Gutter  in  street,  bow.isvicw.  Ontario.  Canada.  SISH  ST6 

MM  iv*  v. a 1 JvAt  sTuciiib  of  s.;:eld:w  concepts  for  point  sources  and  jet  noise 


j.  Noise  reduction  1.  Barriers  a.  Shielding 
II.  UTIAS  Report  No.  JOb 

,  .  study  explores  concepts  for  yet  noise  shielding.  'lode I  c.xpcnrcnts 
aisulatt:—  cnginc-over-wing  installations  and  'sugar  scoop*  shields- 
.ir.g  length  is  set  h>  ir.terfcrcr.ee  'edge  noise*  as  the  shield  trailing  edge 
-.v  r.oiac  is  mniraitel  by  ;i:  hv.vrbol ic  eatouts  which  'ir  off  the 
ciUrciu  between  tnc  jc<  f  1°**  and  fu-  ••arncr.  and  n»  hybrid  shields  - 
...  fl.-tc  ,  for  id  the  tr..«e«>*»  ••  »o.H>uxtio:«  nois.  Ir.  genera:. 
i>>  sW-icD'  with,  frequency.  fotiuwix;  fre^uene)  enl  .W'c-mmt  by  edge 
ttenu-t.or.  »  typically  only  sCwr.il  Jcvihcls.  the  reduction  of  the  subject- 
sc  levels  •>  hi  ther  In  addition.  ... U  iUtcd  gro  .c  ..cr.tour*  of  peak  ?n  dB 
>  a  i.  cor.t  fiction  lac  to  'i.uidmc  thi*  re-cN.s  co.  for  one  of 

r  :  .  •-  :*  .  •  .orto.r  .i»e  experiment >  art  conplcrc-tcd  •:*  analytieal 
.  pro..*  -a  ..'o  ..;rt  source  'lucid in;,  with  ..  >i.ita*'.r  ct  source  dis- 
into  .  pr.  --eti.e  algorfhsr  for  ;c:  noise  s.  .tiding.  'Fie 
e.y>Ti--trt  . to  j  Jl>'  up  to  moderate  frequences  •  The  insertion  los> 
e  ■  c.. surer .  .is  tor  s..:n-inf :r.;te  as  well  as  finite  rectangular  shields  agrees 
culc.ilatiu  •,  on  the  fuel  half  plane  solution  and  the  -..;per;io»it  lor. 

.oi'.'  An  •pies.  at.  tlic.ry,  the  't.gc.i'Kiibi'Vwic;  I  .re  im.-i  is  icqind 


;  •'?  :toi >c  teo.-st  us  a  Noise  reduction  4  Burners  5  Shielding 

i.  no-  g .  Ray  ron  J  tec  4!.u;  II  UT I  AS  Report  No  2bt> 

:iu>  jr.alyti.al  ex-.--. .- cr.t.il  study  explores  concepts  for  set  noise  smoldmj,  *<*lel  '•tper  nc nts 
centre  en  solid  r  slue!  us,  sinul.tir.g  cnginc-over-wing  in>:  i*.  iat  ion*  and  ‘Sag.r  scoop  shicUx 
itaucoff  e*s  itt,.;iu  si- 1» 1  Jin..  length  is  set  by  mterfcicnct  cd,.e  ncise-  as  the  sh.eld  trailing  ,  ige 
■ i.M.he*  t‘»  'in.  ..’.ns  .cr.  id.-e  noise  ;s  xinia.ced  by  ;i  hyperbolic  cutouts  which  trim  off  the 
m.t.o-.'  a-  :  u't  rtu"".  interference  hetween  the  .ict  flow  .m*  the  harrier,  .u.J  tii>  hybrid  >hic.d»  - 
.  t-.cs-r.il  fetr-Ct  i.c  extension  .a  flaee  ,  tor  Ki\)  the  tradcotf  is  coefcustion  noise  In  general, 
sr.i.IJir.c  attenue:  ion  increases  stea.i.l.  wit*-  frequency,  follow  me  low  frequency  enhancement  by  edge 
r.cise.  A.tho.gh  broadband  attenuation  is  typically  only  several  decibels,  the  reduction  of  the  sub;ect- 
.  weighted  perceived  ncise  levels  is  higher  in  addition,  calculated  ground  c.v  tours  of  peak  P\  d8 
,ps:v.:  J  no;.,-  'tie:  -now  a  substantial  contract io-  due  to  studding  this  rea.  es  6b*.  for  one  of 
;F.  Sugar  s.  me  J;  for  the  £>■.*  TN  dB  contour  lfte  experiments  are  complemented  by  analytical 

yi..  i. :  .o*!>  i*.  -  :  i-.g  approach  car.nncs  point  source  shielding  with  a  suitable  yet  source  dis- 

rr."-it,.  :.  ’ '  re  "it  essced  into  a  picaictive  algontha  fer  ;ct  noise  Shielding  The 

-iwdict ions  ..g:..  «.!l  vit  cv-crir.cn*.  '1  to  I  s  d»)  up  to  isomerate  trsqueneies  The  insertion  loss 

- '.J  true,  thv  point  sour.e  n. .isurcnct.t s  for  scbi -infinite  as  well  as  finite  rectangular  shields  agrees 

I  itn.vr  we ■ :  w;t  thtorcticJl  calculations  based  on  the  exact  half  plar.c  solution  and  the  superposition 
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